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Stellingen 
1. Voor het ontwikkelen van nieuwe duurzame productiesystemen dient de onderzoeker 
de productiewijze van de beste boeren als uitgangspunt te nemen. 
dit proefschrift 
2. Van Latesteijn (1999) verwerpt te gemakkelijk waarschijnlijke ontwikkelingen ten 
faveure van toekomstige onmogelijkheden als houvast bij de ontwikkeling van 
duurzame bedrijfssystemen. 
H.C. van Latesteijn, 1999. Land use in Europe; a methodology for policy-oriented future studies, 
PhD thesis, Wageningen Agricultural University, Wageningen; dit proefschrift 
3. Op de korte termijn bezien is kennisoverdracht meer nog dan kennisontwikkeling een 
cruciale factor bij een efficiënte omslag naar duurzame landbouw. 
dit proefschrift 
4. De opdeling van de landbouwwetenschap in verschillende disciplines zonder een 
gezamenlijk theoretisch kader en gelijkluidende definities frustreert een efficiënte en 
adequate technologie-ontwikkeling en beleidsondersteuning. 
5. Ondanks dit proefschrift is de kloof tussen agronomen en economen nog niet 
overbrugd. 
6. Het aanpassen van de productie op basis van eisen van de maatschappij betekent dat 
ook in de toekomst een grote rol zal blijven weggelegd voor de productiemethoden 
gericht op een lage kostprijs. 
7. Het vooroplopen van Nederland op het gebied van regelgeving ten einde te komen tot 
maatschappelijk verantwoorde productiewijzen leidt tot export van milieu- en 
welzijnsproblemen. 
TJ. de Koeijer, 
Efficiency improvement for a sustainable agriculture: The integration of agronomic and 
farm economics approaches 
Wageningen, 16 januari 2002. 
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Abstract 
De Koeijer, T.J. (2002). Efficiency improvement for a sustainable agriculture: The 
integration of agronomic and farm economics approaches, PhD Thesis, Wageningen 
University, pp. 143, English and Dutch summaries. 
The objective of the research described in this thesis was to determine what role 
improved agronomic efficiency can play in the transition towards more sustainable 
production systems. Agronomic efficiency measures the technical performance. If it 
could be improved, environmental damage could be reduced while, at the same time, 
economic performance could be improved. The latter is an important condition for a 
successful transition to sustainable agriculture. 
Because economists and agronomists use different concepts and assumptions, they 
disagree about the efficiency that should be feasible in practice. Therefore, first a 
conceptual model integrating agronomic and economic concepts was developed. The 
model presents a division into production levels and accompanying production restricting 
factors. The hypothesis that improved agronomic efficiency also improves sustainability 
was tested empirically for sugar beet growing. A positive correlation was indeed found 
between agronomic efficiency and sustainability. Next, the effect of some production 
restricting factors on the agronomic efficiency was assessed, using a model that 
simulated crop growth and water and nitrate processes in the soil to assess the effect of 
annual variation in weather on the efficiency. It was found that efficiency decreased by 
13% due to variation in weather (including indirect weather effects). When the effect of 
differences in management was measured in an experiment using an interactive 
simulation model, socio-psychological factors were found to restrict the efficiency by 50-
70%. Finally, using these results, the conceptual model was completed quantitatively. 
The refined conceptual model suggests that the differences between the theoretically-
assessed efficiency levels are considerably smaller than the differences between 
'average' and 'best practice'. The general conclusion is that normative economic models 
seem to be a valuable tool for the development of sustainable production systems, as they 
incorporate not only knowledge derived from practice but also new technological 
findings. 
Keywords: Sustainable farming systems, Agronomic efficiency, Economic efficiency, 
Environmental efficiency, Sustainability index, Interdisciplinary analysis. 
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Woord vooraf 
Dit proefschrift is het eindresultaat van het in 1995 bij de toenmalige vakgroep 
Ecologische Landbouw gestarte onderzoeksproject 'Economische en milieu-technische 
efficiëntie in de akkerbouw'. Vanaf 1998 heb ik het project kunnen afronden bij het LEI, 
afdeling Landbouw. De periode waarin de ontwikkeling van het onderzoek tot stand 
kwam, werd gekenmerkt door vraagstukken die leefden rondom intensiveren dan wel 
extensiveren van de landbouwproductie in het licht van milieu, natuur, voedselvoor-
ziening en boereninkomens. Binnen de toenmalige Landbouwuniversiteit Wageningen 
werd hierover heel verschillend gedacht. Een deel van de oorzaak leek te zijn gelegen in 
het verschil in disciplinaire achtergrond van waaruit geredeneerd werd. De moeizame 
onderlinge discussies sterkten mij in het idee dat deze verschillen eens even op een rijtje 
moesten worden gezet en aangezien ik een agronomische achtergrond had aangevuld met 
economische kennis vond ik mijzelf dan ook de persoon bij uitstek om dat te doen. 
Het interdisciplinaire karakter van het onderzoek paste goed binnen het onderzoeks-
veld van de toenmalige vakgroep Algemene en Regionale Landbouwkunde waar ik toen 
werkzaam was en Tjark Struif Bontkes bood mij dan ook de benodigde ruimte voor het 
verder ontwikkelen van het onderzoeksvoorstel. In overleg met Ada Wossink en Jan 
Renkema werd 'efficiëntie' het centrale thema aan de hand waarvan ik de verschillen in 
disciplinaire assumpties zou schetsen. Bij het opgaan van de vakgroep Algemene 
Regionale Landbouwkunde in de vakgroep Ecologische Landbouw werd ook Eric 
Goewie bereid gevonden om het promotieonderzoek te begeleiden. Al spoedig bleek dat 
het onderzoek zich echter meer op het niveau van het gewas dan op het eerder beoogde 
bedrijfsniveau afspeelde waarna Paul Struik de taak van Eric Goewie overnam. 
Een groot deel van het onderzoek is uitgevoerd op twee 'werkplekken'. Hierdoor kon 
ik zowel in agronomische als in economische sferen verkeren teneinde het interdiscipli-
naire karakter van het onderzoek zo veel mogelijk te doorleven. De gastvrijheid die mij 
daartoe altijd is geboden door Agrarische Bedrijfseconomie heb ik erg gewaardeerd. Ik 
had zodoende twee maal zoveel collega's voor het voeren van wetenschappelijke en 
minder-wetenschappelijke discussies. Bovendien nam zo het aantal keren 'taart bij de 
koffie' eveneens toe. Alle collega's hartelijk dank voor de gezelligheid. Ook de hard-
lopers van de Leeuwenhoren mogen niet onvermeld blijven, ik ben nog steeds heel blij 
dat ik met jullie heb mogen samen lopen en zo 'het lopen' heb ontdekt. 
Bij het onderzoek heb ik veel steun gehad van mijn promotoren. In hun kritisch 
commentaar en constructieve adviezen vulden ze elkaar uitstekend aan. Hun bereidheid 
om steeds weer op 'te' korte termijn een afspraak te maken, heeft zeker bijgedragen aan 
het feit dat het boekje er 'nu al' ligt. Voor hun kostbare tijd en energie ben ik ze heel veel 
dank verschuldigd. Daarbij verdient Ada Wossink een apart woord van dank. De 
onnavolgbare wijze waarop je steeds weer klaar stond voor de wetenschappelijke en de 
persoonlijke begeleiding zal ik niet snel vergeten. 
Ook de leden van de begeleidingscommissie wil ik bedanken voor het stevig 'op de 
rails' zetten van het onderzoek. De volgende personen hadden hierin zitting: Drs. Meijer, 
drs. J. Dijk, dr. ir. GJ. Thijssen, prof. dr. ir. J.D. van de Ploeg, dhr. Benning en dr. ir. 
M.K. van Ittersum. Voor Martin van Ittersum een speciaal woord van dank voor de vele 
discussies die we gevoerd hebben uitmondend in een gezamenlijk wetenschappelijk 
artikel. 
Een aantal collega's die in het bijzonder hebben bijgedragen aan de ideeënvorming 
m.b.t. het onderzoek wil ik met name noemen: bij de vakgroep Ecologische Landbouw 
waren dit Geert Nijland en Gerard Oomen voor hun kennis omtrent respectievelijk 
productie-functies en stikstofskringlopen. Bij de vakgroep Agrarische Bedrijfseconomie 
kon ik een beroep doen op Bert Smit als de 'suikerbietenexpert' en Jouke Oenema voor 
het doorgronden van WAVE. Bij het LEI hebben Bert Smit (daar heb je hem weer), Bas 
Janssens, Henri Prins en Wim de Hoop bijgedragen aan de analyse van het management 
en Hans Leneman aan de invloed van variatie in weer. De afstudeeropdrachten van Harry 
Verlinden, Marjon Groot Nibbelink, Egge Jan Hommes en Edwin Tigchelaar hebben 
eveneens in belangrijke mate bijgedragen aan de totstandkoming van dit proefschrift. Ik 
wil jullie hartelijk danken voor de inspirerende samenwerking. 
De Suikerunie ben ik erkentelijk voor het beschikbaar stellen van de Unitip gegevens. 
Voor de lay-out en laatste correcties van het proefschrift ben ik veel dank verschuldigd 
aan Gon van Laar, dit geldt tevens voor Joy Burrough voor het corrigeren en editen van 
mijn engels. Ook de familie moest er aan geloven. Mijn zusje Aline heb ik regelmatig 
bestookt met vragen over het afleiden van 'ingewikkelde' functies en het oplossen van 
vergelijkingen. 
Terugkijkend bleek het 'op een rijtje zetten van disciplinaire uitgangspunten' een stuk 
ingewikkelder dan ik had verwacht. Uiteindelijk heb ik slechts enkele tipjes van de sluier 
opgelicht. Toch ben ik tevreden met het resultaat aangezien er aan de verkregen inzichten 
naar mijn mening nog steeds 'te veel' behoefte is. 
Lieve Dale, jouw indirecte maar ook zeker directe steun was onmisbaar voor de 
voltooiing van dit proefschrift. De combinatie van werk, proefschriften en een jong gezin 
is zwaar. Maar een hoop tijd komt nu vrij en ik hoop jou dan ook op mijn beurt de ruimte 
te kunnen geven voor het afronden van het jouwe. 
Tanja de Koeijer 
Wageningen, december 2001 
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General introduction 

General introduction 
This chapter starts by describing the background and scope of the study, and then 
explains the relevance of efficiency in relation to sustainable agriculture. It is also argued 
that there is a need for a clear understanding of economic and agronomic approaches of 
efficiency to develop a framework for sustainable production systems. Subsequently, the 
objectives of the study are presented and finally a synopsis of the thesis is given. 
1.1 Background and scope 
Many European countries are developing legislation intended to drastically reducing 
environmentally harmful emissions in order to achieve a more sustainable agriculture. 
The focus is on pesticides and nitrogen use, in particular. 
The targets for pesticides in the European Union's Environmental Action Plan (CEC, 
1993) include significant reduction in pesticide use per unit of land in production, and the 
adoption of integrated pest control, at least in all areas important for nature conservation. 
National governments are free to adopt stricter policies than those imposed by the EU. 
Since 1991, Dutch agri-environmental policy (LNV, 1991) has concentrated on reducing 
the dependence on pesticides their use and their emission into the environment. 
The EU Nitrate Directive prescribes a maximum permitted concentration for nitrate 
(N0 3 _ ) from agricultural sources in groundwater of 50 mg/1 (CEC, 1991). Member states 
are under obligation to implement regulations to achieve this objective by 2003. In 2001, 
the Dutch government introduced a levy for arable farms that is based on the surplus of 
nitrogen (N) and phosphate (P) per ha, which is assessed by nutrient 'bookkeeping' per 
farm. Since 1998, to reduce ammonia (NH3) emissions, Dutch national policy has 
imposed standards for the handling, storage and application of manure (LNV, 1998). 
These standards apply to all farms. 
These trends in environmental legislation have forced a re-think about land use ('what 
and where to produce') and agricultural production practices ('how to produce'). To 
achieve more sustainable agriculture, production systems should incorporate modified 
and new practices aimed at reducing environmental damage. These new techniques 
should be applied not only per crop and per farm, but also at higher levels of aggregation, 
for example, by the introduction of mixed farming systems based on co-operation 
between several farms in a region. 
A further complicating factor is that in the transition towards a more sustainable 
agriculture the economic goal, which often conflicts with the environmental goal, 
remains important. In this context, it is useful to view the transition of current agricultural 
production practices to environmentally-sound agricultural production practices as a 
process of three stages that overlap in time: improvement of efficiency, substitution and 
13 
Chapter 1 
re-design (Hill et at, 1999). In the efficiency improvement stage, conventional 
production systems are altered so that less inputs are needed per unit product. This can be 
achieved by reducing that amount of input needed to produce one unit output ('input-
decreasing' efficiency) or by increasing the amount of output per unit of input ('output-
increasing' efficiency). The 'input-decreasing' efficiency is of particular interest for an 
environmentally-sound agricultural production practice, as the reduction of resources and 
environmentally-disruptive inputs also mitigates the environmental impact. In the 
substitution stage, finite resources and environmental disruptive inputs are replaced by 
resources and inputs that are more environmentally benign. Efficiency and substitution 
imply a change in input levels and in input mixes, respectively. In the re-design stage, the 
emphasis is on retrofitting and technical environmental innovations, i.e. on direct outiays 
of capital cost and operating expenditures for environmental purposes. Furthermore, it is 
possible to distinguish an additional, ultimate step: the reduction of the output level. In 
this stage, inputs are reduced so much that the accompanying negative environmental 
impact declines to such an extent that an environmentally-sound production practice is 
realised, but the result is a fall in output too. 
Of the four stages described above, it is the first stage, improvement of efficiency, that 
is especially attractive, it allows the often conflicting economic and environmental goals 
to be achieved simultaneously. Increasing the ratio of output per unit of input will not 
only reduce environmentally harmful emissions but will also improve economic returns 
by saving costs and/or boosting output. In practice, substantial differences are found in 
input use (Brouwer et at, 1999). As these differences in input use do not result in 
significant differences in output level there is an important difference in input use 
efficiency, which implies that there is great scope for improving the input use efficiency 
of existing practices. Technical improvement through new production methods might 
improve the efficiency even further. So, when developing a more sustainable agriculture 
it is interesting to analyse to what extent input use efficiency could be improved and 
might contribute to the sustainability of agricultural practices. For this reason, the central 
issue of this study was the feasible improvement of input use efficiency in crop farming. 
As this efficiency concerns (1) improvement of conventional production systems and (2) 
technical improvement, the study was restricted to the analysis of technical and socio-
economic restrictions at crop and farm levels, and new institutional arrangements needed 
for co-operation on multi-farm or regional level were not analysed. 
Productivity, efficiency and the production function 
Colman and Young (1989) defined technology as a stock of available techniques or a 
state of knowledge about the relationship between inputs and physical output. For a given 
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technology, the production function represents the set of all efficient production 
techniques (Heertje, 1971). By definition, inefficient production techniques, such as 
production technique A (Fig. 1.1), do not belong to the production function. By shifting 
left and/or up towards the production function, the efficiency increases between B and C, 
respectively. 
In the debate about the development of sustainable production practices the term 
'efficiency' is often used interchangeably with productivity. Productivity is an absolute 
measurement, based on the unit output per unit of input. This could be calculated for each 
point under or on the production function. Efficiency is always based on a ratio like the 
ratio between the actual productivity and a desired productivity and is therefore a relative 
term, depending on the basis used for comparison. So, for the measurement of the 
efficiency (or inefficiency) of A in Fig. 1.1, the productivity of A can be related to the 
'standard' productivity of B or of C, both of which are on the production function and are 
therefore efficient. By relating the productivity of A to the productivity of B the 'input-
decreasing' efficiency will be measured. If the productivity of A is related to the 
productivity of C, the 'output-increasing' efficiency is measured. 
Several kinds of efficiencies can be distinguished, depending on the purpose and on 
what is measured. The technical efficiency is measured by relating two productivities 
based on physical unit output per unit input to each other. Although all input-output 
combinations on the production function are technically efficient, according to 
agronomists only one point is efficient. This point is situated where the tangent line from 
the origin meets the production function. At this point the ratio output per input (and thus 
the productivity) is maximal (see De Wit, 1992). In Fig. 1.1, this is represented by D. 
Instead of taking the physical unit output per unit of physical inputs, the 
environmental efficiency is measured by relating the actual environmental impact per 
unit of output or area to a benchmark performance concerning environmental impact per 
unit of output or area. 
The other important goal of sustainable agriculture is economic efficiency. Ac-
knowledging the profit-maximising objective of the farmer, economic efficiency was 
measured as the ratio of actual profit/ha to the maximum profit/ha based on the 
production function. The economic efficient point can be found where the tangent line of 
the ratio of input and output prices meets the production function, represented by E in 
Fig. 1.1. Notice that in literature, economic efficiency sometimes has another 
connotation: that of allocative or price efficiency. With allocative efficiency, the central 
issue is the optimal mix of inputs based on the ratio of input prices. Our definition of 
economic efficiency also differs from overall economic efficiency, which is the product 
of technical efficiency and allocative efficiency. Overall efficiency is concerned with the 
lowest average costs per unit of output which is the point at which maximum 
15 
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Fig. 1.1 The relationship between the production function, efficiency, technological 
development and input reduction. 
productivity is attained. As De Wit (1992) indicates, if there is a range where agriculture 
is profitable, the maximum productivity is always reached at a lower level than the input 
level at which the point of maximum profit is reached. 
As Fig. 1.1 shows, improving of the agronomic efficiency of A towards D reduces the 
use of input. Therefore, due to lower emissions and costs, the environmental and 
economic efficiency will increase too. A simultaneous improvement of both the envi-
ronmental and economic efficiency can also be achieved by improving the technical 
efficiency of A towards B or C, thereby reducing inputs, or keeping them constant. In this 
case too, the environmental and economic efficiency will again increase, due to lower 
emissions and costs and/or higher outputs. 
With regard to the four stages distinguished for the transition to a sustainable agriculture, 
efficiency improvement means a shift towards the existing production function. In the 
case of technical improvement, which is the central issue in the re-design stage, the 
production function itself shifts. In Fig. 1.1, this is represented by a shift from C on 
production function ƒ to G on production function F. The impact of the substitution stage 
is not represented in Fig. 1.1, as only one input in the Figure is variable, while a 
substitution implies by definition that more than one input is variable. The output 
reduction stage always implies a shift to the left on the production function f like a shift 
16 
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from C to B. 
As explained, this study will focus solely on the improvement of efficiency that can be 
visualised as a shift towards the production function. 
Economic and agronomic concepts 
Several disciplines are involved in the development of sustainable agriculture. In the 
context of this thesis, which will be restricted to arable farming practices, it is specifically 
the economic and agronomic points of view that are relevant. Economics and agronomy 
both focus on the input-output relations on which arable farmers decide which cropping 
method to chose from the range varying from extensive biological farming to very 
intensive farming. As these variants score differently on income and environmental 
effects, the economic and agronomic insights could have a crucial impact on the 
sustainability of farming practices. In economics, there are basically two approaches to 
the analysis of production: econometric models, and optimisation or normative models. 
An econometric model is based on statistical analysis of historical data. The advantage is 
that real behaviour is represented; a disadvantage is that only behaviour in the past is 
taken into account. The effects of innovations can hardly be ascertained by econometric 
models, as there is a lack of empirical data. 
Normative models assume rational behaviour and complete knowledge about the 
production processes and relevant conditions. Incomplete knowledge and/or incentives 
perceived by the decision-maker to deviate from the (economically) optimal strategy are 
not incorporated, although this may be essential in practice. Thus, efficient behaviour is 
assumed, yet performance in practice shows that inefficiencies could be important in the 
improvement of the sustainability of the production. Normative research ignores the first 
stage that is needed for a transition towards sustainable production systems. Wossink et 
al. (1992) analysed the effects of substitution, re-design and reducing output levels, but 
ignored improvement of efficiency. They found that input levels could be reduced 
significantly, even without a reduction of income. However, as their model results 
differed significantly from the actual input levels and farm income they recommended 
further research on the non-optimal behaviour of farmers. De Buck et al. (2001) analysed 
the effects of differences in behaviour, but that study focused only on risk and risk 
perception of farmers and took no account of inefficient behaviour. Econometricians 
criticise normative models for not being based on data from observed practice. 
Normative models, therefore, lead to an overestimation of efficiencies and productivity, 
as lack of knowledge and the costs of information are not taken into account (Oskam, 
1994). 
Which analytical method is most appropriate depends on the purpose of the study. If 
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important technological changes are expected, or if one is interested in exploring future 
options, then normative economic research methods are preferable. However, more 
attention needs to be paid to the role of improving efficiency. 
Agronomists who develop sustainable production systems, are often critical of the 
normative economic approach. They point out that it underestimates potential 
productivity, as it addresses optimal input use based on the equimarginal principle 
assuming a given production technique. Whereas economists take the production 
technology as given, 'agronomists search for the minimum of each production resource 
that is needed to allow maximum utilisation of all other resources' (De Wit, 1992). Like 
normative economists, agronomists assume optimal behaviour (in this case, 
agronomically optimal) and, therefore, disregard producer inefficiency. 
Furthermore, in the determination of the potential productivity, many agronomists 
disregard restrictions that play an important role in practice. For instance in practice, 
weather is an unpredictable factor that complicates an optimal fine-tuning of inputs and 
outputs. An even more important factor in practice is the objective of the farmer. As 
agricultural production is an economic activity, farmers do not aim to maximise 
productivity (maximal in point D Fig. 1.1) but to maximise profit (maximal in point E 
Fig. 1.1), resulting in a higher 'optimal' input level than agronomists calculate. This 
means that in practice the price ratios of inputs and outputs are decisive for the 'optimal' 
input level. 
Another criticism often made by agronomists is that more extensive production 
practices are more environmentally damaging. An input-intensive production practice is 
supposed to be less environmentally damaging, as productivity is higher per unit of 
output and, thus, there is less environmental damage per unit product. In the agronomic 
reasoning, extensification leading towards higher profits as found for so-called integrated 
farming systems (see for instance Wijnands and Vereijken, 1992) can only be the result 
of overuse of inputs in conventional systems combined with a more efficient use of 
inputs in the integrated system (De Wit, 1992). This 'overuse' might apply if the only 
factors taken into account are agronomic cropping factors (such as the climatic and crop 
characteristics) as well as the availability of water. Extensification of production might 
lead to higher productivities and profits if other factors are considered, such as the 
uncertainty of the weather and the heterogeneity of production factors (see for instance 
Noordwijk and Wadman, 1992; Nijland and Schouls, 1997). Furthermore, when 
considering the options for sustainable agriculture, the local environment's capacity to 
assimilate environmental damage should be taken into account (Goodland and Daly, 
1996). Therefore, from an environmental point of view, the environmental damage per 
unit of area is often a more appropriate indicator of sustainability than the amount of 
environmental damage per unit of output. 
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In spite of the differences outlined above, agronomist and economists do agree on the 
importance of improved agronomic efficiency in achieving the economic and 
environmental objectives of sustainability concomitantly. This shared interest shows the 
importance of further analysis of the agronomic efficiency concept both conceptually and 
empirically. 
In this thesis, agronomic efficiency is used as a synonym for technical efficiency. In 
the case of a linear production function, agronomic and technical efficiency are identical, 
as the productivity does not change along the function. In the case of decreasing returns 
(as depicted in Fig. 1.1) they are not the same, but an improvement of the technical 
efficiency is always accompanied by an improvement of the agronomic efficiency. The 
term 'agronomic efficiency' is used in order (1) to indicate the character of the study, 
which was intended to reconcile agronomists' and economists' views on efficiency and 
sustainability, and (2) to indicate that the study focusses on the ratio of physical inputs 
and outputs in the agricultural production process. 
1.2 Objectives 
The overall goal of this study was to determine the role of improvement of agronomic 
efficiency in the transition towards more sustainable production systems. More specifi-
cally, the objectives were: 
1. To analyse the possible role of improvement of agronomic efficiency for the simul-
taneous achievement of economic and environmental goals. 
2. To determine the level of agronomic efficiency feasible in practice. 
3. To analyse which method is appropriate for determining the level of the agronomic 
efficiency feasible in practice. 
4. To indicate the implications of the results for the development of sustainable produc-
tion systems. 
It was hoped that this explorative study would reveal the effect that different sets of 
restrictions would have on agronomic efficiency. The restrictions were based on the 
differing goals and assumptions, that agronomists and economists currently use when 
investigating sustainable agriculture. Agronomists and economists incorporate different 
goals and assumptions in their analyses, resulting in different sets of restrictions relating 
to productivity. There are differing sets of restrictions not only between the agronomists 
and economists but also between individuals, depending on their assumptions. This 
complicates discussions between agronomists and economists and makes it difficult for 
policymakers to interpret the outcomes of studies. 
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The first step towards achieving fruitful co-operation for the development of 
sustainable production systems is for economists and agronomists to understand each 
other's approach. The results of this study will make clear what differences in 
disciplinary approach affect the outcomes of exploratory analysis of sustainable 
agriculture. This insight will help to reconcile the differing results of explorative studies, 
and will thus benefit the discussion of policy goals. 
1.3 Synopsis 
Chapter 2 presents the theoretical relationship between agronomic efficiency and the 
environmental, economic and sustainable efficiency. As this is a topic of research for 
both agronomists and economists, their respective concepts and methods will be dis-
cussed. 
Chapter 3 tests the assumption that a higher agronomic efficiency is associated with 
more sustainable agricultural practices, by analysing a data set on input and output use in 
sugar beet derived from practice. The measured efficiency is influenced by restrictions 
that play a role in practice but that are not taken into account in agronomic analyses. 
Chapter 4 presents the impact of these restrictions (such as variation in cropping 
conditions and profit maximisation) on the agronomic efficiency. These relationships are 
analysed with an agronomic crop growth simulation model for sugar beet. 
The normative economic assessment assumes that farmers maximise profit based on 
perfect knowledge. As important differences in efficiency of farmers with fairly similar 
physical conditions are found, differences in managerial factors such as objectives and 
knowledge must play a role. Chapter 5 describes the analysis of the effects of managerial 
differences on actual efficiencies of arable farmers. 
Finally, Chapter 6 is a general discussion which yields major conclusions and 
implications for the development of sustainable production systems. 
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A conceptual model for analysing input-output 
coefficients in arable farming systems: 
From diagnosis towards design 
Abstract 
Environmental legislation is forcing a re-think about desirable crop production systems. The development 
of new production systems that meet economic and environmental objectives demands knowledge about 
which input-output combinations are feasible and optimal in practice. A review of concepts in agronomy 
and in farm and behavioural economics leads to a conceptual model with a division into production levels 
and accompanying production restricting factors. The highest production level can be defined by merely 
agronomic growth factors, the next production level is restricted by a mixture of economic and other 
agronomic factors. The two lowest levels are further restricted by taking into account the socio-
psychological factors. With the production restricting factors of the conceptual model the differences in 
agronomic efficiency of actual and theoretical input-output combinations will be analysed in order to find 
out which input-output combinations will be feasible and optimal in practice. 
Paper by T.J. De Koeijer, G.A.A. Wossink, M.K. Van Ittersum, P.C. Straik and J.A. Renkema; published 
in Agricultural Systems 61 (1999): 33-44. 
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Many European countries are in the process of developing legislation that aims at 
drastically reducing environmentally harmful emissions in order to achieve a more 
environment friendly agriculture. This process forces a re-think about land use and 
agricultural production practices. Farmers will have to adopt production systems 
incorporating new and modified techniques. Rossing et al. (1997) distinguished four 
phases within the development of such production systems: diagnosis, design, testing 
and improvement, and dissemination. An important part of the diagnosis phase should be 
devoted to analysis of input-output combinations of current production systems. By 
analysing the input-output combinations of the actual efficient production techniques and 
the theoretical ones, insight can be gained in which production techniques will be feasible 
and optimal in practice. 
In developing new production systems, an important level to consider is the individual 
farm, because it is at this level that the farmers decide what and how to produce. Their 
decisions on agricultural production indirectly reflect agricultural and environmental 
policies, by being constrained by the laws and regulations that embody these policies. 
The farmer bases his decisions on available farming techniques, on farm economic 
considerations and on individual preferences and perceptions. Hence, the farm level is 
also the level of aggregation at which the psycho-sociological, agro-economic and agro-
ecological disciplines interact most profoundly. This means that in the analysis of 
theoretically efficient and actual input-output combinations psycho-sociological, agro-
economic and agro-ecological insights should be considered explicitly. 
Before new agricultural production systems that meet economic and ecological 
objectives can be introduced on a large scale, it is important to explore options in which 
the often conflicting economic and environmental objectives can be reconciled. When 
deciding what to produce, a farmer may adapt his cropping plan by opting for crops 
requiring less external inputs, thus reducing emissions. At current product prices, 
however, this change in cropping plan may result in income losses. A farmer can also 
make decisions on how to produce. For this, a farmer has the following options: (a) a 
decrease of inputs, or (b) exchanging current inputs by more environmentally friendly 
inputs. These options may also result in lower economic performances due to yield 
reductions and higher input costs, respectively. If, however, the efficiency of external 
inputs such as fertilisers and pesticides is improved, it may be possible to achieve 
economic and environmental objectives simultaneously. 
Against this background, this chapter reviews agronomic, economic and socio-
psychological concepts and integrates them into a conceptual interdisciplinary 
framework. This model can be used for analysing input-output combinations of actual 
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and theoretical production technologies as well as their agronomic, economic and 
ecological efficiency. The analysis identifies new, alternative input-output combinations 
which are efficient according to a set of well-defined objectives and can be realised in 
practice. These input-output combinations are needed in the design process of new 
production systems that meet economic and environmental objectives. In this model, the 
restricting effects of agronomic and economic factors on production levels should be 
considered as well as behaviouristic aspects to account for preferences and perceptions of 
the farmer. 
First the concept efficiency will be elaborated. Next, insights from agronomy, 
normative farm economics and behavioural economics are discussed that are used in the 
analysis and quantification of input-output combinations. Finally, these insights will be 
integrated into a conceptual model. 
2.2 Efficiency 
In economics as well as in production ecology, an 'increase in efficiency' often means 
that a certain objective can be reached with less or cheaper inputs. The literature on 
economics distinguishes between productivity and efficiency. Both concepts are based on 
the production function. The production function in economics can be defined as the 
maximum production attainable with differing combinations of levels of production 
factors. In other words, the production function is the set of all efficient production 
techniques (Heertje, 1971). Productivity is the amount of output produced with a certain 
amount of input. Efficiency is a relative criterion; it is expressed as the percentage of a 
desired or attainable productivity that is actually achieved. 
Efficient use of inputs can be considered from different points of view: agronomically, 
ecologically and economically. Agronomic efficiency can best be described in terms of 
resource use efficiency, a term derived from De Wit (1992). Agronomic efficiency can be 
measured by unit output per unit input. Agronomically efficient input-output 
combinations can be determined for each physical production level, using the concepts 
that will be presented in Section 2.3 and the target-oriented approach (Van Ittersum and 
Rabbinge, 1997). Agronomic efficiency differs among production levels, as discussed by 
De Wit (1992). 
The ecological efficiency of crop production is based on the resilience of the 
ecosystem, which is difficult to measure because it depends on all kinds of agro-
ecological processes. An objective determination of threshold values of inputs or 
emissions that might or might not affect resilience of the ecosystem is, therefore, difficult 
if not impossible. Information is often lacking for a good assessment of environmental 
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1 This measure corresponds with the measure of agronomic efficiency. 
2 Future meaning a time period further away than just next year(s). 
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impact, and risk perceptions and priorities differ among stakeholders. It can be argued 
that it is relevant to consider several dimensions of ecological efficiency in the 
development and evaluation of sustainable production systems: (1) the input (or if 
available emissions) per unit area; and (2) input (or emissions) per unit product1 (WRR, 
1995). 
Economic efficiency is based on profit maximisation. Maximum profit is realised 
when marginal costs equal marginal returns and is measured as profit in monetary units 
per farm. However, for analysis of efficiency of the use of environmentally harmful 
inputs the relation between individual inputs and outputs should be investigated, which 
means that an important part of the analysis should be done at field and crop level. For 
analysis at farm level the objective of maximum profit can be converted into maximum 
profit for a given crop. It is then assumed that the optimal amount of farm-specific' or 
'fixed' inputs such as labour and machinery for the cropping of, for example, sugarbeet is 
not conflicting with the optimal distribution of fixed' inputs for the total cropping plan 
of the farm. 
The sustainability of different production systems will be evaluated in terms of their 
economic and environmental performance. To standardise, the economic and 
environmental performance will be expressed in efficiency percentages, using a score 
from 0 (worst performance) to 100 (best performance). The best performance can be 
expressed in two ways: (1) as the best performance of the sample; and (2) as the 
theoretical maximum. Tyteca (1996) raises this latter question of the 'ideal' frontier and 
suggests two approaches for assessing this frontier: (1) technological definition based on 
best existing techniques and experts' opinions on what will become available in the next 
few years; and (2) an agronomic approach based on fundamental principles governing the 
processes considered. In this chapter two approaches are elaborated. Not only efficiently 
used current techniques are included but also more advanced techniques and future ones 
which are not yet found in agricultural practice. Including only best practice technology 
would be insufficient given that is intended to support forward-looking analyses, such as 
exploratory studies of future2 farming systems and instrumental studies of future 
environmental policies. Under changing policy and market conditions, technical change 
can be significant and agricultural economists must take this into account if they are to 
provide meaningful conditional forecasts. 
An example of an evaluation of production systems based on the first approach of 
assessing the 'ideal' frontier is presented in Table 2.1. In the example, three cropping 
variants for sugar beet differing in method of weed control are distinguished. Variant 1 is 
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characterised by a current method for weed control using a mixture of overall spraying 
and band spraying. In variant 2 only band spraying is used, while in variant 3 the number 
of band spray applications is reduced as well. Cropping variant 3 shows the highest gross 
margin, so it best serves the economic objective and thus has the best economic 
performance. Therefore, cropping variant 3 is 100% economically efficient. The 
economic performance of the other cropping variants was then related to variant 3. The 
environmental efficiency expressed per ha, of the three variants can be calculated in the 
same way; in this case environmental damage related to nitrogen and to pesticides can be 
distinguished. The cropping variant with the lowest nitrogen surplus (kg N per ha) is 
100% environmentally efficient for nitrogen (all variants equally efficient) and the 
cropping variant with the lowest pesticide input (kg a.i. per ha; variant 3 is most efficient) 
is 100% efficient for pesticides. 
Table 2.1 The relation between cropping practices and efficiency criteria". 
Sugarbeet Variant 1 Variant 2 Variant 3 
Yield (Mg/ha) 75.0 75.0 75.0 
N (kg/ha) 150 150 150 
Herbicides (kg a.i./ha) 2.7 1.6 1.0 
Gross margin (Dfl/ha) 6784 6958 7061 
Economic efficiency (%) 96 99 100 
Environmental damage 
N-surplus (kg N/ha) 73 73 73 
Herbicides (kg a.i./ha) 2.7 1.6 1.0 
Environmental efficiency 
Nitrogen (%) 100 100 100 
Herbicides (%) 37 63 100 
Agronomic productivity (Mg output/kg input) 
Nitrogen 0.5 0.5 0.5 
Herbicides 27.8 46.9 75.0 
Agronomic efficiency 
Nitrogen (%) 100 100 100 
Herbicides (%) 37 63 100 
"Sources: Sugar beet Variant 1: PAGV (1994); Variant 2 and 3: PAGV (1994), 
adaptation based on Verschueren (1991). 
28 
Input-output coefficients in arable farming systems 
The pursuit of a more sustainable cropping system is complicated by the often 
conflicting economic and environmental objectives. However, by increasing the 
agronomic efficiency the environmental and economic objective can often be reconciled, 
at least to a large extent. To calculate the agronomic efficiency, the productivity was 
calculated for each cropping variant. The variant with the highest productivity is 100% 
agronomically efficient. In the example (Table 2.1) this is calculated for nitrogen and for 
herbicides, separately. The example shows that an increase in the agronomic efficiency 
(in this case only for herbicides) results in a cropping variant with better environmental 
and economic performance. Both the economic efficiency (achieved by saving costs) and 
the environmental efficiency (achieved by using less environmentally harmful inputs) 
increase in this example. So, if the agronomic efficiency of external inputs such as 
fertilisers and pesticides is improved, it may be possible to achieve the often conflicting 
economic and environmental objectives simultaneously. This would improve the 
prospects for introducing sustainable cropping systems in practice significantly. 
ff the performances of the mentioned variants are related to the theoretical maximum 
performance, by definition 100%, as assessed by eco-physiological and agro-ecological 
models, the calculated efficiencies of the variants in the example will be lower than in the 
given example. Agronomic concepts as presented in the next section, enable the 
identification of maximal agronomic efficiencies. 
2.3 Insights from agronomy 
Agronomic knowledge and insights based on a combination of experiments and system 
analysis should be used to identify alternative input-output combinations (such as those 
presented in Table 2.1), which may contribute to various objectives related to sustainable 
agriculture (Van Ittersum and Rabbinge, 1997). In agronomy, three production levels are 
distinguished according to three groups of growth factors, i.e. the growm-defining, 
growth-limiting and growth-reducing factors (Rabbinge, 1993; Van Ittersum and 
Rabbinge, 1997). The growth-defining factors D are those factors that, at optimum 
supply of all inputs, determine potential growth and potential production level; these 
factors consist of the plant characteristics and the climatic factors such as mcorning solar 
radiation and temperature. The growth-limiting factors L comprise the abiotic resources 
water and nutrients. The growth-reducing factors R are weeds, pests, diseases and 
pollutants. The potential yield level is determined by growth-defining factors, i.e. 
incoming solar radiation, temperature and the characteristics of the crop; the crop is 
optimally supplied with water and nutrients (none of the growth-limiting factors is 
actually hmiting) and is completely protected against the yield-reducing effects of 
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growth-reducing factors. The attainable or limited yield level is lower than the potential 
yield level, due to a sub-optimal supply of growth-limifing factors, e.g. shortage of water 
and nutrients. The actual production level is determined by a lack of water and nutrients 
and by incomplete crop protection against growth-reducing factors. Thus, only the 
potential yield level is not affected by crop management. 
Input-output combinations are site-specific. The site can be characterised by the 
physical environment, i.e. the conditions under which the crop is grown. The physical 
environment comprises climate factors, soil characteristics which affect the uptake of 
inputs, and other abiotic factors in soil and environment. The physical environment is 
difficult to manipulate in the short run, and affects the potential production level and the 
inputs required to realise a certain production level. On the other hand the crop usually 
hardly affects the physical environment. Differences in physical environment may both 
affect the potential production level (through climate) and the attainable or actual 
production levels (through climate and soil). 
In agronomy, a distinction is made between non-substitutable and substitutable inputs. 
Non-substitutable inputs such as water and nutrients are often taken-up by the plant, or 
incorporated into its biomass, to fulfil specific, essential roles in growth and metabolism. 
Substitutable inputs are not incorporated into the plant. They depend on the level of the 
non-substitutable inputs and may be mutually exchangeable up to a certain extent, for 
example labour and mechanisation or pesticides and mechanisation or labour. Since some 
inputs are substitutable, a certain production level in a particular physical environment 
can be achieved with various sets of production techniques. Because inputs mutually 
interact and are fine-tuned to each other, the technology set consists of fixed input-output 
combinations (Van Ittersum and Rabbinge, 1997; Wossink and Rossing, 1998). 
Thus, agronomy provides useful concepts for the analysis and design of agricultural 
production systems. These concepts allow yield gap analyses and identification of 
alternative systems to be made (Van Ittersum and Rabbinge, 1997). In order to serve this 
purpose the concepts abstract crop management to crop growth factors only; human 
behaviour in terms of economic and socio-psychological aspects is purposely neglected. 
This means that agronomic concepts have to be supplemented by economic and socio-
psychological insights in order to forecast farming practices in future. 
2.4 Insights from normative farm economics 
In economics, there is an ongoing debate about which specifications and functional forms 
to use in econometric studies focused on pesticide use (see Lichtenberg and Zilberman, 
1986; Babcock et ah, 1992; Chambers and Lichtenberg, 1994; Carrasco-Taubers and 
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Moffit, 1992; Fox and Weersink, 1995). There is a similar disagreement about modelling 
fertiliser use and crop response (Ackello-Ogutu et at, 1985; Berck and Helfand, 1990; 
Paris, 1992 and 1993). Economists interested in crop response, focus on variation in just 
one or two inputs, assuming that other inputs remain constant. Input-output relations are 
very complex because of interactions between the different inputs (De Wit, 1992; De 
Koning et ah, 1995; Van Ittersum and Rabbinge, 1997). It is not realistic to study the 
effects of a change in only one input, since the efficiency of this input would be very low 
if the levels of the other inputs would not be adapted to the level of the concerning input 
(Wossink and Rossing, 1998). As a consequence, this approach does not produce input-
output relationships that facilitate active forward-looking analysis in which a comparison 
is made between alternative future practices. 
Furthermore, the input-output relations considered by economists are often based on 
historical data sets. This means that the latest technical developments and bio-physical 
insights are not incorporated in such input-output relations (Chavas and Cox, 1995), 
since even in the short time horizons which are usually covered by economic studies, the 
induced technical change is often significant. As agricultural production is highly 
affected by soil, climate and properties of biological systems, new or alternative 
production technologies for agricultural production should be based on bio-physical 
insights rather than on extrapolation. In addition, the driving force for technology change 
has evolved from mainly production into a multiple-objective (economic and ecological) 
one. This shift in the direction of technical development is quite different from the earlier 
aim of primarily increasing production. This means that input-output relations and trends 
based on historical data sets will show a distorted view if they are used for forward 
looking analysis, such as: (a) prediction; for instance the effects of possible policy 
options for reducing pesticide use and (b) designing new agricultural production systems. 
So, in many economic models the feasibility of input substitution is unrealistic or not 
sustainable in practice and these models cannot cope with new technologies. In contrast 
to this, the Generalised joint production model (Sudit and Whitcomb, 1976; Archibald, 
1988) allows the incorporation of input-output relations based on agronomic knowledge 
in economic models. This is in line with work done by Pandey (1989), Blackwell and 
Pagoutalos (1992), Fox and Weersink (1995) and Wossink and Rossing (1998). As well 
as incorporating agronomicaliy based input-output relations, the framework allows (a) 
both good (intended) outputs and bad (unintended) outputs to be produced, (b) the 
proportions of these outputs to be varied, and (c) provides technical solutions for re-
arranging the package of inputs to counter bad outputs. Omitting the time aspect, for a 
specific physical environment the model can be written as: 
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Y Fi (L, R; D); 
F2 (x,; Lo)\ 
F3{x2;L,Ro)\ 
F4(xi, x2;L0, D)\ 
(2.1) 
(2.2) 
(2.3) 
(2.4) 
L 
R 
Z 
In this model, Fj represents the relationship between agricultural output F, growth-
limiting (L) and growth-reducing (R) factors, given growth-defining factors (D). Only the 
growth factors L and R are variable; D is given for each physical environment. F2 is the 
relationship between the vector of control actions xi (e.g. fertilising) and the level of L. 
The uncontrolled (before treating) level of the yield Umiting factors represented by the 
vector Lo (e.g. soil characteristics) is given for each physical environment and is, 
therefore, not a variable. F3 stands for the relationship between R and the vector x2, given 
the uncontrolled (before treating) level of the growth-reducing factors R0 (intensity of 
untreated pests and diseases) and L. The vector x2 comprises both conventional damage 
control actions and the integrated control options derived from integrated pest 
management (IPM), e.g. band-spraying and mechanical weed control. The uncontrolled 
level of R0 depends not only on the physical environment but also on xi. This means that 
R0, which is not a variable in this function, differs for differing levels of L. Finally, F4 
expresses the externalities (bad outputs) Z such as emissions of nutrients and pesticides 
caused by the use of xi and x2 given Lo and D. Note that xj and x2 contribute to both 
output Fand externalities Z, the same quantities appearing in Eqs. (2.2) - (2.4). Assuming 
that conventional control options can be substituted by integrated control options, the 
externality output in the system can be reduced by converting conventional control 
methods into integrated control methods. In this framework, externality levels are not 
proportional to agricultural output levels alone but are also a function of the production 
technology applied and of the physical environment. 
To apply the generalised joint production framework presented above, details of Fi -
F4 must be known, i.e. the relationship between crop yield and the growth factors L and 
R, crop response relations F2, population dynamics based control relations F3 and the 
relationships between cropping system and environmental burden F4. This implies using 
models/specifications incorporating the knowledge of agronomists, plant pathologists, 
epidemiologists and pollution experts. 
A farm economic analysis has to consider uncertainty, because variability in agro-
ecosystems is very important in practice. The sources of variation a farmer has to deal 
with in practice are found in the biotic and abiotic environment and in genetic resources 
(Almekinders et ah, 1995). This means in fact that the input use should be fine-tuned to 
variation in D, Lo and R0 in space and in time. 
To use the Eqs. (2.1) - (2.4) in normative economic analyses, they have to be extended 
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to a profit function. To do this, inputs and outputs are linked to prices and constraints 
imposed by the fixed, allocatable resources B (land, labour, machinery) of the farm: 
where % is profit, py is the price of the output, pxj and px2 are input prices and pz is a tax 
on pollution (if applicable). Conditions for profit maximisation of input use require that 
the variable inputs are used until their marginal costs equal the value of the marginal 
production: 
Eqs. (2.1) - (2.6b) are the starting point in the normative analysis of farmers' behaviour. 
In this type of analysis, it is assumed that farmers have perfect information on 
input/output relations (as expressed in the production and pollution functions) and on 
prices and that their sole aim is profit maximisation. Furthermore, assumptions have to be 
made about the farm-specific restrictions a farmer has to deal with. These include 
resource endowment and regulations. This means that since in practice farmers have no 
perfect knowledge, the effects of imperfect knowledge on economic behaviour should be 
analysed. Furthermore the assumption of profit maximisation as only objective should be 
verified in relation to the specific characteristics of the farm. 
2.5 Insights from behavioural economics 
Normative farm economics studies the optimal farm organisation by regarding the farm 
as a dynamic system of a technology set, surrounded by constraints and objectives. To 
explain differences between observed and optimal fanning practices, non-optimal 
economic behaviour has to be taken into consideration. In contrast to normative farm 
economics, behavioural farm economics acknowledges the large variation in farmers' 
capacity and willingness to reach the potential level. This behavioural aspect, therefore, 
determines efficiency of agricultural production both in the short run (deviation from the 
optima] organisation) and in the long run (by differences in adoption of technical 
innovation and effects on the natural resource base). Farm economists have only recently 
focused on multiple objectives (beyond profit maximisation and risk perception) 
(McGregor et al., 1996; Nellinger and Pavlovic, 1996; Amador et ah, 1996; Sumpsi et 
al, 1993) and on limited information/knowledge (Jahae et al, 1996). Behavioural 
7C = pYF(Lo, Ro, xi, x2; D, B) -px¡x¡ -px2x2 -p-¿L, (2.5) 
py (SY/Sxj) = pxi + pz(ÔT/ôxi); and 
py (ÔY/ôx2) = px2 + Pz(SZ/Ôx2). 
(2.6a) 
(2.6b) 
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economics focuses on various objectives in decision-making and on limited information. 
This is closely related to insights from social psychology. Katona (1975) was one of the 
first authors to emphasise the relevance of psychological variables for economic 
behaviour: motives, perceptions, attitudes and expectations. In behavioural economics, it 
is not the objective characteristics of goods/actions that matter but the subjective 
characteristics as perceived by the decision maker. With regard to the analysis of the 
subjective characteristics of goods/actions two research approaches can be distinguished 
which are used more frequently for the analysis of agricultural practices in relation to 
environmental goals. In this section first perception analysis will be discussed and next 
the concept of management styles. 
Perception analysis is a technique which is derived from the research field dealing 
with marketing and consumer behaviour. In farm economics, it is recently applied on 
analysis of the adoption of new environmentally-friendly production techniques 
(Wossink et al, 1996). In this type of analysis, a production technique is considered as a 
collection of attributes which the individual farmer may appreciate or dislike. Which 
attributes are considered during the selection depends on the farmer's preferences and is 
therefore a person-specific matter, as is the expected score (the relative importance of the 
attribute for the farmer) for each attribute. This means that even with the same set of 
technical options, and given similar natural conditions D and farm situations B, different 
farmers will make different choices: 
E { Xj} = I Ei { Xj I <&«•) } P(O f); (2.7) 
max Uj = U, (X,j) + U2 (X2j) + + Un (Xnj) ; (2.8) 
where, Xj is the alternative production technique j (j = 1,...., J); E { X¡ } , the expected 
result of alternative production technique j ; < E > ¿ = circumstances i, e.g. particularly 
weather, policy or market conditions (i = 1,...., T); Xj\Q>j, fheresult of alternative 
production technique j under state i; P(0¡), the probability or degree of belief in the 
occurrence of state O,; Xn¡, the attribute level n in alternative production technique j ; and 
Uj, the utility of alternative production technique j . 
In Eq. (2.7), E{Xj} represents the expectation of the farmer concerning the result 
(measured in economic or physical terms) for each alternative cropping measure Xj. The 
farmer bases this expectation on the assumption of the probability that particular 
circumstances O, (such as weather, policy or market conditions) will occur, i.e. P(<&,). In 
Eq. (2.8), Uj presents the utility of alternative j which is based on the perception of the 
farmer concerning subjective characteristics of alternative production technique X, 
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Preferences 
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Choice 
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Information 
Motives, values, 
lifestyle, 
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Fig. 2.1 Core model of choice making. Source: Wierenga and Van Raaij (1987). 
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perceived by the farmer. 
Because human beings are capable of learning, their response to the same technology 
set (Fig. 2.1) may differ in time. This is an important fact with respect to farming systems 
that meet economic and environmental objectives. Farming systems with multiple 
objectives require more than just another selection from the technology set. Agricultural 
development which is no longer only aimed at economic but also at environmental 
objectives implies a gradual learning process that brings about changes in risk perception, 
objectives and starting points (Somers and Roling, 1993; Somers, 1997). A shift towards 
such farming systems augments the farmers' need for (new) knowledge and expertise. 
In this concept the Rational Choice theory based on the 'Homo economicus' who 
maximises profit is still the starting point; it is only adaptable to the real world by 
incorporating: (1) the farmer's own goals, and (2) by making farmer's anticipated results 
decisive, not the objective results. Perception analysis fits very well in modern utility 
theory in which the Subjective Expected Utility (SEU) hypothesis forms the basis. The 
SEU hypothesis shows how to integrate the two components of utility (preference) and 
probability (degree of belief) to provide a means of ranking risky prospects (new 
alternatives), so enabling risky choice to be rationalised (Dillon, 1971; Anderson et al, 
1977; Hardaker etai, 1997). 
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The concept of management styles is based on the Agency theory, which has a 
fundamentally different starting point. In this theory, decision-making is not a separate 
activity but is closely related to the execution of the daily activities. Alternatives are not 
produced by external forces but developed by the farmer himself. The farmer's strategy 
to search for information is an important aspect of the 'management style'. According to 
Van der Ploeg (1994), an individual farmer's management style is the result of: (1) his 
objectives, (2) his ideal for the farm, and (3) his behavioural pattern and his information 
or learning strategy given the external conditions (Fig. 2.2). In Van der Ploeg's model, 
the management style is seen as a basic attitude of the farmer, which (Fig. 2.2) is 
represented by the arrow pointing downwards in the centre of the figure. The external 
conditions can be divided into technical-economic conditions and social conditions. Both 
can function as constraints. The Agency Theory warns against isolating conditions from 
behaviour (management). Therefore, in the model there is feedback from farm 
organisation towards conditions (Van der Ploeg, 1994). 
Since in practice the choice of production techniques not only depends on the 
objective profit maximisation, other behavioural aspects have to be taken into account 
- > PATTERN OF OBJECTIVES<-
" instrumental 
* expressive 
* intrinsic 
* social 
t 
EXTERNAL CONDITIONS 1 
social, including 
information sources 
A 
PATTERN OF BEHAVIOUR 
* ambition 
* precision 
* risk attitude 
IDEOTYPE OF FARM 
* current situation 
* farm development 
- > INFORMATION STRATEGY < -
(knowledge model) 
EXTERNAL CONDITIONS 2 
technical / economic 
Î 
CURRENT FARM 
FARM ORGANISATION-
* planned 
* actual 
Fig. 2.2 Management style, external determinants and farm organisation. Source: 
Adapted from Van der Ploeg (1994). 
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too. With perception analysis insight can be gained into which aspects of a production 
technique are important to a (group of) farmer(s) and into their separate relevance. The 
concept of management styles is a useful tool for elucidating the personal factors that 
influence the choice of production techniques in relation to the organisation of the farm. 
Therefore the use of management styles can provide relevant knowledge for the 
development of new production systems. 
2.6 Conceptual model 
From the preceding sections it is clear that a conceptual model which combines 
agronomic possibilities, normative economic restrictions and human behaviour is needed 
for the analysis of input-output combinations being an essential prerequisite in the 
diagnostic phase of the design of new farming systems that meet economic and 
environmental objectives. As stated earlier, the performance of crop production systems 
on environmental and economic objectives can be improved by increasing the agronomic 
efficiency. For the analysis of the potential agronomic efficiency level that satisfies 
economic and socio-psychological objectives and constraints, a conceptual model 
analogous to the well-known representation of production levels and accompanying 
growth factors in agronomy is developed (see Section 2.3). 
For a given physical environment the highest production level that can be achieved 
based on agronomic insights is the potential' production level. This potential 
productivity level is defined by the production factors (D): C0 2 , radiation, temperature 
and crop characteristics under the assumption that the growm-limiting and growth-
reducing factors do not occur (see Section 2.3). In practice, when growth-Umiting and 
growth-reducing factors occur and inputs have to be applied, considerations relating to 
farm economics play a role. So for the second production level, the agronomic growth 
factors are combined with these considerations (see Section 2.4). The latter include: (1) 
profit maximisation as the main objective, i.e. price ratio of outputs and inputs and 
marginal returns are decisive instead of physical input-output ratios, (2) structural 
restrictions to the farm (resource endowment and regulations), and (3) variability in the 
agro-ecocomplex. The approach in the assessment of the second production level is 
normative: farmers are considered as a group of similar decision makers and are assumed 
to have perfect information. The result is the 'normative 'production level. 
In reality, however, farmers do not have perfect information and they are also not 
purely profit maximisers (see Section 2.5). Therefore, a third level focuses on objectives 
of farmers and differences among farmers. Starting from insights of behavioural 
economics, the technology set and differences among farmers as observed in practice are 
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analysed. This step results in two production levels. The highest level is the 'best 
practice' production level based on the best performances observed. Furthermore an 
'average' production level can be obtained, based on the average performance in 
practice. 
The conceptual model with the different production levels is represented in Fig. 2.3. 
As indicated, the representation of the conceptual model is analogous to the well-known 
representation of production levels and accompanying growth factors in agronomy, so 
both divisions are represented, in order to show how they are related. Three groups of 
production factors and three production levels are distinguished in agronomy (see Section 
2.3). As Fig. 2.3 shows, the 'potential' production level and the 'actual' or 'average' 
production level are identical in the agronomic and agro-economic approaches. The 
'potential' yield level is identical in both frameworks because only bio-physical factors 
determine this production level. The 'actual' and 'average' production levels can be 
assumed to be identical because they are based on the performance in practice. The water 
or nutrient 'limited' yield level distinguished in agronomy is not considered in the agro-
economic approach. In practice, farmers use a mix of inputs to collectively control 
hmiting and reducing growth factors, so the limited' yield level is only of analytical 
interest. For the analysis of input-output combinations in the agro-economic framework, 
Agronomic framework Agro-economic framework 
Defining factors 
CO s 
Radiation 
Temperature 
Crop characteristics 
Normative factors 
Objective (profit maximisation) 
Restrictions (resource endowment, 
legislation etc) 
Price ratios 
Variations of agro-eco complex 
Behavioural factors 
Incomplete knowledge 
Other objectives 
See behavioural factors 
Fig. 2.3 Production levels in agronomy (Source: Rabbinge, 1993; Van Ittersum and 
Rabbinge, 1997) and in the combined agronomic and economic approach. 
Production 
level 
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Actual 
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38 
Input-output coefficients in arable farming systems 
39 
the notion of the differences between the hmiting- and growth-reducing factors is 
important and will be used. Going from the 'potential' production level downwards to the 
'average' production level for each production level in both the agronomic and the agro-
economic division, the number of growth restricting factors increases and thus the yield 
level falls. 
The agro-economic division into production levels and accompanying factors will be 
used to identify alternative input-output combinations which are efficient according to 
either economic or environmental objectives. As an increase in the agronomical 
efficiency may help to realise both, the conceptual model will be used to address the 
differences in agronomic efficiency of the input-output sets associated with the actual 
{best practice and average) practices and the theoretical {potential and normative) 
practices. By analysing to what extent differences in agronomic efficiency can be 
explained by the production-restricting factors associated to these practices, insight can 
be gained in the potential improvement of the agronomic efficiency accounting for 
economic and socio-psychological constraints observed in practice. The analysis can be 
done according to two extreme situations which can be distinguished for the 
improvement of agronomic efficiency of actual input-output combinations. In the first 
situation, the realised production level remains the target but the levels of the inputs are 
reduced. In the second situation, the target production level is higher than the one realised 
but can be increased without a required increase of the input level. The agronomic 
efficiency can be termed: 'input saving efficiency' in the first situation and 'output 
increasing efficiency' in the second situation (Uhlin, 1985). For each input-output 
combination the 'input saving' and the 'output increasing' efficiency can be calculated. 
Of course combinations of 'input saving' and 'output increasing' efficiency strategies are 
possible. It depends on the ratio of weights of economic and ecological objectives which 
option will be chosen. The input-output combinations associated with the potential 
agronomic efficiency level within the boundaries of economic and socio-psychological 
objectives and constraints, can be used to design sustainable farming systems; that is 
farming systems that are practically feasible, socially acceptable and environmentally and 
economically advantageous. 
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Measuring agricultural sustainability 
in terms of efficiency: 
The case of Dutch sugar beet growers 
Abstract 
Sustainability embraces socio-economic and bio-ecological dimensions or attributes. This paper presents a 
conceptual framework for quantifying sustainability on the basis of economic theory. The conceptual 
model is implemented using Data Envelopment Analysis (DEA) which is a frontier method traditionally 
used to measure technical efficiency. DEA enables multi-attribute performance to be assessed without 
having to specify any a priori weights for the various attributes; it has many advantages for the 
measurement of sustainability. The paper demonstrates theoretically and empirically that non-parametric 
frontier methods allow the potential for improvements in sustainability to be accurately assessed and can 
provide normative guidance for management. 
In the agricultural application described, the proposed sustainability parameter combines: (a) 
environmental efficiency covering multiple environmental impacts measured per unit of area or per unit of 
output, and (b) economic efficiency in terms of profit per unit area. The analysis provides separate 
estimates of technical efficiency, environmental efficiency, economic efficiency and the sustainable 
efficiency, and presents a novel application of the DEA technique. 
The technique's applicability for improving the sustainability of agricultural production is illustrated 
for the case of Dutch arable farmers. The farmers in the data set farm under fairly similar physical 
conditions, which means that differences in efficiency are largely attributable to differences in 
management. The average resource use efficiency or agronomic efficiency was only 50%. A positive rank 
correlation was found between resource use efficiency and sustainable efficiency. Differences in 
efficiency among farmers were persistent within years (over fields) and also, though to a lesser extent, 
between years. This study shows that there is considerable scope for improving the sustainability of arable 
farming by better management. 
Paper by T.J. De Koeijer, G.AA. Wossink, P.C. Struik and J.A. Renkema; submitted to Journal of 
Environmental Management. 
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3.1 Introduction 
1 External pollution effects of these inputs always exist, even under very low levels of input use, as a 
crop is never able to use inputs fully. 
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Sustainability embraces socio-economic and bio-ecological dimensions or attributes. Its 
definition is ambiguous, which hampers the apphcability of the concept of sustainability 
in agricultural management. Given that sustainability cannot be compressed into a single 
definition it seems sensible to monitor a range of sustainabiüty indicators. Most of these 
indicators are ecological and very detailed (Pannen and Glenn, 2000) or are policy 
oriented and have been developed at the aggregate, regional or country level (Smyth and 
Dumanski, 1993). In both cases, these indicators have no close link to farm management 
decision-making. The approach in this chapter has a different focus, based on the 
production system at farm level. The environmental and economic performance of 
farmers are compared with that of their most efficient colleagues to analyse differences, 
the reasons for these differences and, therefore, the options for improvement. In this 
approach, efficient use of polluting1 inputs is considered a prerequisite for sustainability. 
If farmers improve the technical efficiency of their use of these polluting inputs, they will 
simultaneously be able to achieve economic and environmental objectives (De Koeijer et 
al., 1999). In this way, enhancing the technical efficiency may support sustainability. 
The reduction of technical inefficiencies has always attracted interest because of its 
financial benefits, but is now an even more attractive option, given the environmental 
arguments to reduce emissions and waste. Insight into the relation between technical 
efficiency and sustainability is needed in order to know if improving the technical 
efficiency is a relevant factor for improving sustainabiüty. Quantification of the technical 
and sustainable inefficiencies allows a given firm's performance to be studied by 
comparing it with other firms (Tyteca, 1997). 
The literature on the measurement of efficiency is still mainly based on physical and 
monetary inputs and outputs. Only recently has the measurement of environmental 
efficiency received attention (see Tyteca (1996, 1997) for an overview). The general 
research strategy has been to consider environmental effects as undesirable outputs and 
to recalculate the technical efficiency accounting for these undesirable environmental 
effects (e.g., Fernandez-Cornejo, 1994; Piot-Lepetit and Vermersch, 1998). In contrast, 
Reinhard et al. (1999) model environmental effects as conventional inputs rather than 
undesirable outputs. Their approach provides separate estimates of technical efficiency 
and environmental efficiency, which enables the compatibility of both types of efficiency 
to be assessed. 
Although Reinhard et al. (1999) is followed to some extent by considering the 
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environmental effects as conventional inputs, the approach is different in three ways. 
First, instead of using econometrics non-parametric Data Envelopment Analysis (DEA) 
is applied to obtain estimates of technical efficiency and environmental efficiency 
because it links up more directly with management decisions2. As well as producing 
efficiency scores for individual farms, DEA generates information about the benchmark 
farms for each individual production unit in the sample, which provides normative 
guidance for management. Second, environmental efficiency is defined per unit acreage 
to explicitly take account of the carrying capacity of the environment. Third, the use of 
DEA enables to add the additional step of quantifying sustainability. Callens and Tyteca 
(1999) emphasise the suitability of DEA for the measurement of multi-attribute 
performance, because it does not require the various attributes to be assigned a priori 
weights. No empirical study has so far applied their approach to integrate DEA estimates 
of environmental efficiency and economic efficiency3 into a sustainabnity parameter. 
The aims of this Chapter are: (1) to develop a conceptual model of sustainable 
production behaviour, (2) to present a computational technique for examining 
sustainabihty, (3) to demonstrate the approach, and (4) to assess whether agronomic 
efficiency and sustainability are compatible. 
The Chapter is organised as follows. Section 3.2 discusses the measurement of 
sustainabihty from an efficiency perspective. Section 3.3 presents the model for 
measuring environmental efficiency and the sustainabihty parameter. The 
implementation of the model by means of DEA, and the results are presented in Sections 
3.4 and 3.5, respectively. Section 3.6 includes discussion and the main conclusions. 
3.2 Defining and measuring sustainability from an efficiency perspective 
The sustainabihty parameter combines environmental efficiency covering multiple-
environmental impacts measured either per unit of area or per unit of output, and 
economic efficiency in terms of profit per unit of area. In this section, the relationship 
The econometric approach to the construction of production, cost and other frontiers, and the 
measurement of 'efficiency' relative to these frontiers, has historically had a strong policy orientation. 
This distinguishes the approach from the mathematical programming approach, which has had a 
managerial decision-making orientation geared towards solving the allocation problems within a 
public or private organisation (Lovell, 1995). 
3 Acknowledging the profit-maximising objective of the farmer, we measure economic efficiency as 
the ratio of actual profit/ha to maximum observed profit/ha. Notice that in the literature, economic 
efficiency sometimes has another connotation: that of allocative or price efficiency. Our definition of 
economic efficiency also differs from overall economic efficiency, which is the product of technical 
efficiency and allocative efficiency. 
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between the environmental efficiency and the common notion of technical efficiency and 
the integration of alternative efficiency measures is discussed. 
Technical efficiency is the ratio of actual production and best practice (or Trontier') 
production. The existence of persistent technical inefficiencies over time and over 
producers, offers an opportunity to reduce inputs without reducing outputs (input-saving 
technical efficiency) or to increase output from the same amount of input (output-
increasing technical efficiency). The input-saving (TEi) and output-increasing (TEo) 
technical efficiencies are terms commonly used in economic DEA studies of efficiency 
of agricultural production. In contrast, agronomic studies of efficiency focus exclusively 
on the more limited notion of technical efficiency under constant returns to scale (TECRS)-
This being the case, agronomic efficiency (AE) is the equivalent of TECRS- It entails 
comparing actual production with one specific best practice on the frontier, namely 
where input use per unit of output is minimum (De Wit, 1992). For this specific best 
practice, the input-saving and output-increasing technical efficiencies are identical. For a 
graphical presentation and detailed discussion of the calculation of the various kinds of 
technical efficiencies see e.g. Battese (1992). 
Efficiency is of particular interest when related to specific inputs that cause 
environmental impacts, such as pesticides and fertilisers. Piot-Lepetit et al. (1997) 
calculate the technical efficiency to elucidate the possibilities of improving the 
environment by reducing these environmentally damaging inputs. They argue that in 
agriculture quasi-fixed inputs should be taken into account in the measurement of 
technical efficiency. This may be relevant, as pesticides could be substituted by manual 
and mechanical pest control. On Dutch arable farms, machinery and labour are generally 
not exploited to full capacity. Therefore, quasi-fixed inputs are not taken into account in 
this study. Furthermore, to improve the environment the central issue is not the technical 
efficiency and scale efficiency as such, but merely the extent to which the associated 
environmental impacts can be reduced by more efficient use. In line with Reinhard et al. 
(1999) the environmental effects are considered as conventional inputs. Data on the use 
of polluting inputs (kg active ingredient of various pesticides and nitrogen application) 
are readily available for samples of farmers but due to the non-point character of 
agricultural pollution it is impossible to measure the actual environmental effects. 
Therefore, the use of ecological indicators is proposed for translating the use of the 
polluting inputs into emission inputs as factors of production. In contrast with Reinhard 
et al. (1999) the level of input is not considered in the measurement of environmental 
efficiency. The environmental efficiency is based solely on the environmental impacts of 
polluting inputs while a reduction of the level of polluting inputs is assumed to be a 
method for improving environmental efficiency. In addition, assumed is that 
environmental damage per unit input depends on the area over which the damage 
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spreads. Therefore, the area-oriented environmental efficiency (EEa) in addition to the 
conventional output-oriented environmental efficiency (EEo) is distinguished. 
The area-oriented environmental efficiency is considered to be a more appropriate 
indicator of sustainabihty. Unlike the output-oriented environmental efficiency, this 
indicator meets the basic condition for environmental sustainabihty, which is that: Vaste 
emissions from a project should be within the assimilative capacity of the local 
environment to absorb without unacceptable degradation of its future waste-absorptive 
capacity or other important services' (Goodland and Daly, 1996). 
Finally, emission inputs are considered to be strongly disposable, that is their use can 
be reduced without private individuals incurring costs4. The latter implies that 
environmental improvement does not have to be achieved at a price. In contrast, higher 
levels of environmental efficiency might be associated with higher levels of financial 
returns, i.e. with greater economic efficiency (EcE). 
Sustainabihty of agricultural production combines environmental and economic 
performance. These two types of performance can be seen as indicators of sustainable 
efficiency (Fig. 3.1). Often they are seen as conflicting. However, if the technical 
efficiency of the use of polluting inputs can be improved, both environmental and 
economic performance might benefit (De Koeijer et al, 1999). Therefore, improving the 
technical efficiency can be seen as a means of improving EE and EcE simultaneously 
and, by so doing, of improving sustainable efficiency (SE) too. 
To test for a positive link between efficiency scores and sustainabihty quantitative 
measure of sustainabihty is needed. The same principle of productive efficiency applied 
above can be used for this assessment (Callens and Tyteca, 1999). Consider the 
environmental and economic performance scores of each decision-making unit as two 
desirable outputs that are strongly disposable. DEA will assess not only the dominating 
set of Pareto-efficient farms that comprise the sustainable efficiency frontier, but wiU also 
assign a score for SE for all farms not on the frontier, as visualised in Fig. 3.2. In terms of 
sustainabihty farm B in Fig. 3.2 is inefficient. Every point on the sustainable efficiency 
frontier is Pareto-efficient and, therefore, every point on the frontier dominates point B. 
The sustainable efficiency score for farm B is OB/OL. 
4 Strong disposability refers to the ability to dispose of an unwanted commodity without private 
individuals incurring costs. Weak disposability refers to the ability to dispose of an unwanted 
commodity at a positive private cost (Fare et al, 1994). The latter assumption applies when production 
of good outputs and pollution abatement is separable, i.e. when pollution is from a point source or is 
end-of-pipe. In land-based agriculture, pollution is diffuse or from a non-point source, which means 
that any environmental impact must be addressed by preventing residuals from being generated at 
source, through using inputs more efficiently. This makes pollution control and production non-
separable (Schwabe, 1999). 
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Goal Q P (sustainable efficiency) 
/ \ 
Indicators r r (environmental (economic E E efficiency) ECE e f f i c i ency ) 
\ / 
Means T P (technical efficiency) 
Fig. 3.1 Overview of the conceptual idea and its key factors. 
3.3 The model 
The DEA method is used to assess the various efficiency scores discussed above. The 
basic standpoint of efficiency, as applied in DEA, is to compare within a set of decision-
making units (farms) each individual farm with the others. Differences in the distance to 
the frontier provide a score for each farm from 0 (worst performance), to 1 (best practice 
EcE 
1 
0 
1 EE 
Fig. 3.2 Illustration of the sustainable efficiency frontier. For explanation see text. 
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performance). DEA simultaneously constructs the efficiency frontier and calculates the 
distance to that frontier for each individual observation. The frontier is piecewise linear 
and is formed by enveloping the data points of the observed "best practice' activities, that 
are the most efficient firms. For a review of the general advantages of the DEA technique 
over other, parametric, approaches see, for example, Seiford and Thrall (1990) and Fare 
etal. (1994, 1996). 
For the purpose of the measurement of sustainabihty, the most important advantages 
of DEA are that: (a) a clear and obvious standardisation is provided, ranking all units 
using a score from 0 (worst performance) to 1 (best performance); (b) economic as well 
as physical data can be incorporated5; (c) no a priori factors are required to weigh the 
various (polluting) impacts or the various components of sustainabihty, since these 
weights are defined by the DEA procedure in the computation of the efficiency score; 
and (d) various versions of the model can be flexibly formulated. 
The DEA model for each specific production unit is formulated as a fractional 
programming problem. The dual formulation for the technical efficiency of farm j is: 
Minimise <Pj (3.1a) 
subject to YvjZyj (3.1b) 
Bvj<bj0j (3.1c) 
v,->0 (3.1d) 
where &j is the Farrell-Debreu measure of efficiency of the j-th farm; Y is a p x n matrix 
of p outputs produced by the n farms; VJ is the intensity vector of the weights attached to 
the n farms for the construction of the virtual comparison unit for farm 7'; yj is a p x 1 
vector of quantities of output produced by farm j ; BisamXn matrix of m inputs used by 
the n farms, and bj is the vector of these inputs for farm j . 
The efficiency of the n farms is assessed by solving n Linear Programming (LP) 
models, in which the vectors y ; and bj are adapted each time another farm j is considered. 
From Constraint (3.1c) follows that can never exceed unity. A solution for &j that is 
less than unity indicates that a weighted combination of other farms in the sample exists 
that produces at least the same amount of output but with fewer inputs. The virtual 
reference group determines the convex combination of inputs of the efficient reference 
point for farmj and 'shows' that it is possible to reduce all the inputs of farm j by (l-#y). 
The Equation set (3.1a)-(3.1d) measuring technical efficiency assumes constant 
returns to scale and &j is, therefore, equal to the agronomic efficiency. The objective 
5 Variables that are neither inputs nor outputs but attributes of natural production environment or of 
the production process can also be included in the DEA model. 
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function tries to reduce the inputs of the evaluated farm j to the efficiency frontier that is 
the result of the constraint in Eq. (3.1c). Under constant returns to scale, a reformulation 
of the problem in which the outputs are maximised given the observed input levels will 
yield the same efficiency. In practice, operating at optimal scale is unlikely and it is 
therefore interesting to get insight into the output-increasing and the input-saving 
technical efficiencies. Afriat (1972) has shown that an additional constraint can easily 
solve this problem (Seiford and Thrall, 1990). In order to calculate the input-saving 
technical efficiency, Equation set (3.1a)-(3.1d) has to be extended by: 
Adding this constraint leads to a frontier which envelops the data points more tightly. For 
the calculation of the output-increasing technical efficiency, Eq. (3.2) is added to the 
output-maximising version of the model. 
The model to assess the environmental efficiency is formulated in the same way as the 
model for the technical efficiency. The only difference is that instead of the amount of 
observed inputs, the observed environmental impacts are used. Again, note that 
environmental impacts are regarded as inputs, not as undesirable outputs. To calculate 
the pollution-decreasing environmental efficiency, the observed inputs are replaced by 
their calculated environmental impacts in Equation set. (3.1a)-(3.1d) and add Eq. (3.2). 
Another reformulation of the model calculates the area-oriented environmental 
efficiency, A}: 
Minimise Aj (3.3a) 
subject to uvj > 1 (3.3b) 
where u is the vector of acreage used for production on the n farms; Z is an r x n matrix 
of r environmental impacts generated by the n farms, ZJ is the vector of these 
environmental impacts for farm j and y, is defined as before. Compared with the model 
for the agronomic and technical efficiency, Restriction (3.1b) is replaced by the Acreage 
constraint (3.3b), which ensures that the pollution per unit of area is minimised while 
searching for the efficient farms. Aj is based on units expressed per unit acreage, which 
assumes constant returns to scale and makes Restriction (3.2) redundant. 
The measurement of agronomic, technical and environmental efficiency does not 
involve prices of any kind. Assuming it is the farmers' objective to maximise gross 
margin, Economic Efficiency (EcE) can be measured by comparing realised gross 
(3.2) 
(3.3c) 
(3.3d) 
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margins per hectare among farms. The economic efficiency can be calculated in a 
straightforward manner. Let W be the gross margin per ha per farm defined as the value 
of production minus total variable costs. The economic efficiency of the production for 
farm j can then be calculated as: 
( 3 - 4 ) 
Using the results of the models above, the sustainable efficiency £2, of farm j can now be 
assessed as follows: 
Minimise Q} (3.5a) 
subject to Svj>Sj (3.5b) 
uvj<£2j (3.5c) 
v, > 0 (3.5d) 
where S is the matrix of the calculated 'outputs' (EE and EcE, which both range from 0 
to 1) for n farms, and s is the vector of these outputs for farm j . 
3.4 Application to arable farming 
The data used for the empirical assessment of the efficiencies outlined above were for the 
sugar beet production of farmers in Flevoland. The data were for the years 1994, 1995, 
1996 and 1997, and the numbers of farmers were 111, 116, 119 and 121, respectively. 
Flevoland province is a polder with marine clay soils. All the farms in the data set he in 
an area of 50 by 50 km and the variation in contents of lutum is relative small (Table 
3.1). It was, therefore, assumed that all the farmers experienced identical physical 
conditions. As data were available from almost all farmers for each year of the period 
1994-1997, it was possible to compare the farmers' performance over different years. 
The data are summarised in Table 3.1. The reason that there are more fields than farms is 
because some farms have two or three fields with sugar beet. The average mineral N 
content of the soil was much lower in 1994 and 1995 (27 kg N/ha) than in 1996 (88 kg 
N/ha). The data on the amount of N fertiliser applied suggest that farmers tend to adapt 
their fertilisation to the mineral N content of the soil measured in spring: the fertilisation 
rate in 1996 of 84 kg N/ha is considerably lower than in 1994 (124 kg N/ha) and 1995 
(130 kg N/ha). The fact that the final crop contains more nitrogen than the total amount 
of available nitrogen results in a negative nitrogen surplus. During 1994-1997 the 
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Table 3.1 Characteristics of the sample variables. 
Variables Unit 1994 1995 1996 1997 
Mean Stdvar Mean Stdvar Mean Stdvar Mean Stdvar 
Farms number 111 - 116 - 119 - 121 -
Fields number 143 - 138 - 142 - 131 -
Lutum content % 43 10 45 9 43 10 43 10 
Minerai N-soil kgN/ha 27 11 27 10 88 39 49 18 
N-fertiliser kgN/ha 124 43 130 42 84 42 105 43 
N-product kgN/ha 166 16 165 14 152 13 174 16 
N-surplus kgN/ha -15 45 - 9 42 20 46 -20 48 
Herbicides kga.i.Vha 3.0 1.2 2.9 1.3 2.8 1.4 2.3 1.2 
Env. impact 
herbicides ElJ^/ha 115 68 132 264 1080 2302 703 1654 
Gross margin DFL/ha 6598 634 7175 755 6313 745 6371 1267 
Active ingredients. 
2 Environmental Impact Point. 
Chapter 3 
average amount of herbicides measured in kg active ingredients per ha fell from 3.0 to 
2.3 kg a.i./ha. However, the environmental impact did not diminish. Although the 
introduction of new herbicides reduced the amount of active ingredients applied the 
environmental damage increased. The variation in average gross margin per ha is not 
very large; the lowest gross margin was 6313 DFL/ha and the highest was 7175 DEL/ha. 
Two variable inputs were used to measure the agronomic efficiency and the output-
increasing and the input-saving technical efficiency: nitrogen fertiliser and herbicides. 
These can be regarded as the two most important inputs contributing to environmental 
pollution caused by growing sugar beet. The nitrogen input, expressed in kg N per 
hectare, was measured as the sum of the amount of nitrogen fertiliser, the amount of 
nitrogen available in the soil in spring and the amount of nitrogen which becomes 
available during the cropping season by mineralisation of organic nitrogen. About 25% 
of the observations were lacking data on the amount of nitrogen in the soil in spring. As 
this particular group of farmers might be less efficient than those who do measure 
mineral N in the soil, these farms were not omitted but assumed was that the amount of 
nitrogen in the soil in spring was equal to the average amount of nitrogen available in that 
particular year, depending on the preceding crop6. The amount of herbicide input was 
estimated on the basis of the amount of active ingredient (kg a.i.) applied per hectare. The 
output was the amount of sugar (kg) per hectare. 
To assess the environmental efficiency, the environmental impact of nitrogen was 
expressed as the amount of nitrogen surplus (kg N) per ha. The latter is measured as the 
difference between the amount of total nitrogen input and the amount of nitrogen in the 
product, assuming a nitrogen content of 1.5 kg N per 1000 kg sugar beet (IKC-AGV, 
1992). The environmental effect of herbicides was expressed in environmental impact 
points (EIP) based on three categories of environmental effects: leaching into 
groundwater, effects on aquatic organisms and effects on soil organisms. An 
environmental yardstick has been developed for measuring these EIPs; see Reus and Pak 
(1993) and also Verhoeven et al. (1994). The yardstick is primarily intended as an 
extension and management tool for Dutch farmers, which makes the environmental 
effects of pesticides measurable and enables farmers to make a more environmentally 
sound selection of pesticides. The methods used to assess the EEP are derived from the 
ecological evaluation models the Dutch government uses in its pesticide authorisation 
procedure. The reference point of the environmental yardstick is set at 100 ED?. This 
means that at a score of 100 ED? per application, the environmental impact of a specific 
pesticide is still acceptable. If the score is 500 ED?, the environmental standard is 
6 The main factors that explain the variation in mineral nitrogen in the soil in spring are soil 
temperature in spring and the amount of rain during winter. Another factor is the preceding crop and 
its fertilisation, but this effect is small compared with the other two factors mentioned. 
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exceeded fivefold. The ED? score depends on the properties of the chemical (e.g., 
biodégradation, mobility and toxicity to non-target organisms), application factors 
(dosage per ha, method of application) and ecophysical conditions (soil properties). In 
(his study the points of the three categories of effects distinguished are combined using 
the environmental yardstick version of 1997 (Kerngroep MJP-G, 1997). 
When calculating the economic efficiency we assessed gross margin per hectare crop 
instead of profit per farm, because only one crop was analysed. In doing so we implicitly 
assumed that the optimal amount of farm-specific' or fixed' inputs such as labour and 
machinery required for sugar beet production does not conflict with the optimal use of 
these fixed' inputs, given the farm's total cropping plan. The variation in gross margins 
of sugar beet, other than that attributable to yield variation, is mostly the result of 
differences in the costs of nitrogen and herbicides; only these two inputs were taken into 
account. The monetary yield was calculated from the price per net ton sugar beet 
corrected for the sugar content, the extractability index, tare and a premium for early 
and/or late delivery. The sustainable efficiency was calculated on the basis of the 
economic and environmental performances, both expressed in efficiency percentages. 
3.5 Results 
Table 3.2 presents the following results: the calculated averages, the standard deviation 
and the minimum value of the agronomic efficiency (AE), the technical output-increasing 
efficiency (TEo), the technical input-saving efficiency (TEi), the environmental area-
oriented efficiency (EEa), the economic efficiency (EcE) and the sustainable efficiency 
(SE) per field. The results show that AE is lower than TE. This follows from the 
differences between the two estimated frontiers. The estimated concave TE frontier 
envelops the observed input-output combinations more tightly than the estimated linear 
AE frontier. Furthermore, the calculations showed that the average TEo (over the years 
1994-1997) is higher than TEi (over the years 1994-1997). This is most probably because 
the average variation in input use is larger than the variation in yield between farms 
within a year. 
The EcE is relatively high. Although the EEa is very low, the SE is even slightly 
higher than the EcE. To interpret this result we refer to Figure 3.2 and recall that SE is 
measured as the distance to the frontier. When the data show only hmited variation in 
one of the two indicators, which is the case for EcE, this distance will be small and, thus, 
the SE will be high. 
Table 3.3 presents the rank correlation between the efficiency measures. AE has a 
significant positive correlation with TEi and with Teo, respectively, although the 
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Table 3.2 Agronomic (AE), technical input-saving (TEi), technical output-increasing 
(TEo), environmental area-oriented (EEa) and economic efficiency (EcE) and sustainable 
efficiency (SE) of sugar beet fields in Flevoland for the years 1994-1997. 
AE TEi TEo EEa EcE SE 
1994' Average 0.51 0.55 0.86 0.34 0.83 0.84 
Standard dev. 0.17 0.18 0.07 0.17 0.08 0.08 
Minimum 0.29 0.34 0.65 0.07 0.55 0.57 
19952 Average 0.46 0.49 0.87 0.33 0.79 0.81 
Standard dev. 0.14 0.16 0.08 0.17 0.08 0.09 
Minimum 0.23 0.23 0.60 0.01 0.49 0.49 
19963 Average 0.54 0.59 0.82 0.48 0.79 0.80 
Standard dev. 0.16 0.17 0.09 0.21 0.09 0.10 
Minimum 0.24 0.28 0.52 0.07 0.43 0.44 
19974 Average 0.47 0.53 0.83 0.43 0.75 0.76 
Standard dev. 0.15 0.16 0.10 0.24 0.14 0.13 
Minimum 0.14 0.25 0.33 0.01 0.00 0.32 
1994-1997 Average 0.50 0.54 0.85 0.40 0.79 0.80 
' n = 143; 2 n = 138; 3 n = 142; 4 n = 131. 
Table 3.3 Spearman rank correlation between efficiency measures for 1994, 1995, 1996 
and 1997. 
Rank correlation 1994 1995 1996 1997 
Between and 
AE -TEi 0.94" 0.95" 0.94" 0.94" 
-TEo 0.66" 0.45" 0.74" 0.75" 
TEo -TEi 0.54" 0.62" 0.77" 0.59" 
SE -AE 0.42" 0.48" 0.55" 0.67" 
-TEi 0.32" 0.61" 0.58" 0.51" 
-TEo 0.77" 0.90" 0.86" 0.91" 
EcE -AE 0.29" 0.37" 0.44" 0.60" 
-TEi 0.19* 0.51" 0.47" 0.44" 
-TEo 0.70" 0.89" 0.79" 0.88" 
-EEa 0.28" 0.25" 0.36" 0.29" 
Eea -AE 0.75" 0.64" 0.61" 0.48" 
-TEi 0.75" 0.57" 0.60" 0.46" 
-TEo 0.51" 0.23" 0.48" 0.42" 
Significant at P < 0.05 level; Significant at P< 0.01 level. 
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correlation with TEi is much stronger than the correlation with TEo. There is also a 
significant positive correlation between SE and both AE and the TEs. The rank 
correlation between SE and TEo is higher than the rank correlation between SE and 
either AE or TEi. This result is consistent with the high rank correlation between EcE 
(one of the two indicators of the sustainable efficiency) and TEo, which is also higher 
than the correlation between EcE and TEi or AE. The opposite applies for EEa. There is 
a significant positive rank correlation between EEa and TEo, but it is smaller than the 
rank correlation with AE and TEi. 
When the persistence of farmers' performance over the years was assessed significant 
rank correlations were found for the various efficiencies over the 1994-1997 period 
except for the EE and EcE of 1997 versus 1994 and the EcE and SE of 1994 versus 1995 
(Table 3.4). On average, the rank correlations for AE and TEi over the 1994-1997 period 
were higher than those for TEo. A possible reason is that the level of input use varies less 
Table 3.4 The average rank correlation calculated with Spearman for the efficiency 
measures between the years 1994-1997 for the same farmer. 
Correlation of 1997' 19962 19953 
AE 1994 0.51** 0.42** 0.61** 
1995 0.56** 0.52** 
1996 0.41** 
TEi 1994 0.47** 0.35" 0.53** 
1995 0.54** 0.55** 
1996 0.38** 
TEo 1994 0.39'" 0.32** 0.36** 
1995 0.57** 0.42** 
1996 0.47** 
EEa 1994 0.16 0.32** 0.65** 
1995 0.21* 0.34** 
1996 0.40** 
EcE 1994 0.19 0.23* 0.16 
1995 0.44** 0.36** 
1996 0.26** 
SE 1994 0.21* 0.23* 0.17 
1995 0.42** 0.38** 
1996 0.26** 
'n = 97, 101, 106 respectively; 2 n = 106, 1 1, respectively; 3 n = 104; 
Significant at P < 0.05 level; "Significant at P < 0.01 level. 
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than the yield level between years. 
Some farmers had more than one field with sugar beet, so the rank correlation between 
fields of one farmer within one year could also be analysed. This rank correlation was 
significant for all efficiency measures except for EcE in 1996 (Table 3.5). On average, 
the rank correlation between AE of the fields of one farmer was higher than for TEi and 
TEo, while on average the rank correlation for TEo was lower than for TEi. This 
suggests that variation in yield level between the fields of one farmer in one year was 
higher than the variation in input use. The rank correlation between fields in one year 
was, on average, higher than the rank correlation between two years. 
Table 3.5 The average Spearman rank correlation for the efficiency measures between 
fields of the same farmer per year. 
Correlation of Between fields 
19941 
Between fields 
19952 
Between fields 
19963 
Between fields 
19974 
AE 0.80** 0.81" 0.72** 0.74** 
TEi 0.75** 0.65** 0.77** 0.71" 
TEo 0.62" 0.41* 0.53" 0.75** 
EEa 0.66** 0.82** 0.54** 0.53* 
EcE 0.76" 0.57** 0.32 0.55" 
SE 0.60** 0.58" 0.54** 0.65" 
' n = 2 6 ; 2 n = 24; 3 n = 26; 4 n = 23. 
Significant at P < 0.05 level; " Significant at P< 0.01 level. 
3.6 Concluding remarks 
The significant strong correlation between SE and TEo (Table 3.3) suggests that farmers 
who focus on maximising the output level given their input level are following the best 
strategy to combine profit objectives with ecological sustainability. 
Furthermore, significant correlations were found between the efficiency scores of 
individual farmers within years (over fields) and also between different years. As we 
assume that all farmers operated under the same physical conditions, this means that 
differences in the farmers' management may account for differences in efficiency. 
However, this assumption can be criticised because of the variation in lutum content of 
the soils between fields (Table 3.1). The Spearman rank correlation between the technical 
efficiency and the lutum content of the soil was positive for each year and significant for 
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all years except 1994. A higher lutum content may contribute to a higher water-holding 
capacity and a better soil structure; both factors will enhance nitrogen use efficiency, 
suggesting that fields with a higher lutum content may have a better technical efficiency. 
This means that management is not the only factor that accounts for the variation in 
efficiency but in our opinion it still is the dominant factor. In order to know how 
agronomic efficiency can be improved in practice, it is essential to know the factors 
determining managerial success. Further research should, therefore, address the relation 
between efficiency and managerial factors. 
Although one objective of this study was to present a method for quantifying the 
sustainable efficiency of farms, the results are based on data on a single crop. 
Theoretically, the sustainable efficiency of the entire farm could be assessed by 
extending the efficiency assessment to several outputs and to the amount of fertiliser N 
and pesticides applied to each of the crops. However, this would make it more difficult to 
find suitable data. Information from comparable farms on yields and inputs of all crops in 
the rotation was available for only 30-40 farms. Using for example, six variables in the 
DEA analysis (4 output variables and 2 input variables), this number of farms would be 
insufficient to assess relevant efficiencies, as each farm would be compared with too few 
benchmark farms (see for instance Thomas and Tauer, 1994). 
Summarising, the main findings of the attempt to develop a method for the 
quantification of sustainable efficiency of farms and to analyse the relationship between 
agronomic and sustainable efficiency for a data set of Dutch sugar beet growers are: 
• The agronomic efficiency of sugar beet growers examined was related to their 
economic and environmental efficiency and to their sustainable efficiency. 
• The average agronomic efficiency of only 49% implies that there is considerable 
scope for improving sustainability of the farms in the sample even without any 
improvement of technology and without conflicts between economic and 
environmental goals. 
• The strategy maximising output given the input level was found to be superior to the 
strategy minimising the input level given output, in terms of improving the 
sustainable efficiency. 
• There was a persistent farmer's management influence' on efficiency scores realised. 
• DEA is an appropriate method for determining the relative sustainability of individual 
producers, providing the appropriate indicators are used for the measurement of the 
sustainable efficiency. 
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4 
Annual variation in weather: 
Its implications for sustainability in the case of 
optimising nitrogen input in sugar beet 
Abstract 
Efficient crop husbandry is crucial in order to prevent unnecessary emissions of environmentally-
damaging inputs and to maintain economic soundness, but it raises the question which productivity and 
efficiency levels should be realised. Agronomists and economists are still debating this issue, as they base 
their insights on different production functions: economists assume decreasing returns, whereas the 
response curve used by agronomists is often described as linear with a plateau (LRP). 
The first objective of this chapter is to reconcile these points of view by showing that due to annual 
variation in weather individual LRP curves turn into a concave function with decreasing returns when 
aggregated. The second objective is to present empirical evidence on the impact of weather variation on 
optimal input levels for the case of nitrogen in sugar beet in the Netherlands. 
Two methods were used: bio-physical simulation and estimation with an econometric model using 
panel data. Optimal crop growth and nitrogen use efficiency were simulated with the WAVE model, using 
weather data for 43 years. Parameters were assessed with and without additional weather effects. An 
agronomic crop growth simulation model such as WAVE might underestimate the effect of variation in 
weather on the agronomic efficiency of nitrogen, because pests, weeds and diseases as well as the 
effectiveness of biocides, the sowing date and possible harvesting problems are strongly influenced by the 
weather. To test for this effect, weather indexes that include these indirect weather effects on the 
occurrence of pests and diseases were derived from panel data by means of an econometric model. These 
weather indexes were used to re-assess the impact of weather variability on the agronomic efficiency of 
nitrogen in sugar beet cropping. 
The results of the bio-physical simulation showed that due to annual variation in weather the 
agronomic efficiency of nitrogen use was reduced by 10% at the current price ratios. The variation in 
weather, including indirect effects, caused the agronomic efficiency to decrease by 13%. This relatively 
small decrease suggests that at least some of the indirect effects might have an opposite effect to the direct 
weather effects. This hypothesis seems to be supported by the absence of a significant correlation between 
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the two weather indexes and by the lower estimated variance of the weather indexes based on panel data. 
Annual variation in weather 
4.1 Introduction 
65 
The large temporal and spatial variation of the weather is one of the causes of variation 
in yield among growing seasons and sites and complicates the optimisation of economic 
and environmental objectives. For sustainable agriculture, the latter two objectives must 
be simultaneously optimised (De Koeijer et ah, 1999). In that case, improvement of 
agronomic efficiency is crucial, as it makes the use of chemical inputs in agriculture 
environmentaUy more sustainable while maintaining income (De Koeijer et al, 2001). 
The term agronomic efficiency was introduced by De Wit (1992) and reflects the ratio 
between observed productivity and the potential productivity measured as unit output per 
unit input. The agronomic efficiency can be improved by fine-tuning input use to the 
anticipated yield. However, the actual yield depends on a number of uncontrollable 
production factors. If these production factors are highly variable and unpredictable, the 
anticipated yield level is also variable and therefore so is the efficiency of inputs. These 
variations of uncontrollable production factors might explain part of the gap between the 
•potential agronomic efficiency' (which is theoretically possible according to agronomic 
models), and the 'normative agronomic efficiency' that should be realised in practice 
according to normative farm economic models using input-output relations based on 
averaged data derived from practice and expert opinions (see De Koeijer et ah, 1999). 
The central issue of this chapter is whether the efficiency gap can be explained by 
variation in uncontrollable production factors, and if so, how much of this shortfall can 
be explained this way. 
The most important variable production factors that are uncontrollable or only partly 
controllable are soil fertility, occurrence of pests, weeds and diseases, and weather. 
Variation in soil fertility can be measured and the input levels can be fine-tuned by 
decreasing the aggregation level in order to reduce the variation within a plot. This is 
what happens when management is site-specific, i.e. when the use of inputs is attuned to 
differing soil properties within a plot (see for instance Thrikawala et al., 1998; 
Noordwijk and Wadman, 1992). Given that soil fertility can be measured or predicted in 
order to fine-tune the input levels, the variation in soil fertility is predictable; in contrast, 
the occurrence of pests, weeds and diseases and variation in weather have a stochastic 
character. When in spring a farmer decides on the application level of nutrients, he does 
not know (and cannot accurately predict) the weather for the coming cropping season. As 
nitrogen fertiliser is cheap and the benefit of applying it is a higher yield and thus a 
higher return for the crop, the farmer will be inclined to supply ample nitrogen in order 
not to reduce the attainable yield. The same applies to the use of biocides and the 
occurrence of pests, weeds and diseases. Carpentier and Weaver (1997) suggest that 
farmers systematically overuse biocides because they anticipated relatively high potential 
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damage. This agrees with the conclusion of Babcock (1992) that increasing uncertainty 
about weather and soil fertility results in higher optimal nitrogen fertiliser rates for risk-
neutral producers as long as the price of an extra unit of nitrogen is less than half the 
expected benefit of an extra unit of nitrogen (see Section 4.3). Babcock contends that his 
finding is also applicable for other inputs, such as biocides. 
This Chapter intends to address the effect of variation in weather conditions on the 
agronomic efficiency. To this end we: (1) analyse the impact of the variation of weather 
conditions on the gap between the potential and the normative agronomic efficiency; (2) 
determine the empirical implications of variation in weather conditions for the case of 
nitrogen application in sugar beet; and (3) discuss the implications of weather variation 
for the sustainability of the environmental and economic goals of the agricultural 
production system. By so doing we hope to supply the adequate foundation and 
quantitative analysis that have so far been lacking in literature. 
4.2 General approach 
In order to determine how much of the gap in agronomic efficiency is attributable to the 
variation in weather, we analysed the magnitude of the impact of variation of weather. To 
do so we used an agronomic model (Spitters et ah, 1989) that simulates crop growth 
depending on the amount of light, the temperature, the availabihty of water and nitrogen. 
For several levels of nitrogen the potential yields hmited by water are calculated. This 
level will be indicated further as the limited' yield level. The analysis was applied to the 
nitrogen fertiliser input in the cropping of sugar beet. 
The use of an agronomic crop growth simulation model might underestimate the effect 
of variation in weather on the agronomic efficiency of nitrogen, as the occurrence of 
pests, weeds and diseases, the damage they cause and also the effectiveness of biocides 
to control them are strongly weather-dependent (Bouma and Wartena, 1994) and might 
interact with the negative or positive effect of the weather. The validity of this was 
analysed with panel data on sugar beet growers. From these data weather indexes were 
derived (Leneman et al, 1999) in which not only the amount of light, temperature, the 
availabihty of water and nutrients play a role but also the weather's side-effects on the 
occurrence of pests, weeds or diseases. These weather indexes were also used to analyse 
the impact of variation in weather on the agronomic efficiency of nitrogen in sugar beet 
cropping. 
The Chapter proceeds as follows. Section 4.3 elaborates the theory on agronomic and 
economic production functions and the effect of variation in production factors. In 
Section 4.4, two methods for the assessment of the effect of weather on yield level are 
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described, together with the method for the calculation of the effect of variation in 
weather on the agronomic efficiency. Sections 4.5, 4.6 and 4.7 describe results, 
discussion and conclusions respectively. 
4.3 Theoretical background 
The existing variation in production factors, such as soil fertility and weather conditions 
might explain part of the ongoing debate among agronomists and economists concerning 
the specification of input-output relations. Following Von Liebig, it is assumed in 
production ecology that the production function for the single nutrient input, can be 
characterised by a linear relation with a plateau (De Wit, 1992; Paris, 1994; Nijland and 
Schouls, 1997). The linear response and plateau model (LRP) postulates a response curve 
exactly as the name implies. For any given nutrient, the non-fertilised yield is termed the 
threshold yield. As the level of this nutrient was increased, yield was assumed to increase 
at a constant slope from the threshold yield until a plateau is reached, at which no further 
increases in yield can be obtained by additional doses of the nutrient. The level of the 
threshold yield, the slope of the response curve, and the height of the plateau depend on 
the level of other growth factors. Economists have generally assumed functional forms 
with decreasing returns for nutrients. During the 1980s and early 1990s, there was 
extensive discussion in the agricultural economics literature about crop response to inputs 
controlling growth-limiting and -reducing factors (e.g., Ackello-Ogutu et al, 1985; 
Pandey, 1989; Paris and Knap, 1989; Berck and Helfand, 1990; Paris, 1992; Kuhlmann 
1992; Babcock et al, 1992; Blackwell and Pagoulatos, 1992; Carrasco-Tauber and 
Moffitt, 1992; Fox and Weersink, 1995). The threshold response function is now 
generally accepted in agricultural economics (Chambers and Lichtenberg, 1994; 1996). 
According to Goudriaan (1979, cited in Schroder et al, 1993), where an output no 
longer responds to a further increase in an input or does so progressively less, the 
response relationships can be described as a non-orthogonal hyperbola. The general form 
of this function is: 
h + x-sj(b + x)2 -Aacx 
where, y is output and x is input. 
Parameter c gives the maximum level of the output. The initial efficiency between input 
and output is defined by c/b and the ratio of ac/b determines whether the output reaches 
the maximum gradually (0<ac/b<l, curve with decreasing returns) or abruptly (ac/b=l, 
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Blackman curve) (Schroder et al., 1993). 
In fact, the major issue in the discussion on production functions is about the value of 
ac/b. As Berck and Helfand (1990) have pointed out, the variation in ac/b can be 
explained by the aggregation level at which the experiments are based. In production 
ecology, production functions are often derived from experiments conducted in 
experimental plots for only one or a few years. However, due to the variation occurring at 
larger scales in time and space it is a completely different matter to anticipate the weather 
and to estimate the resulting production functions at field, farm, or country level. 
Therefore, variation in agro-ecosystems is far more important in farm management than 
in controlled experiments and experimental plots. When conditions vary over time, plants 
in different years will be hmited by different values of weather growth factors. By 
accounting for the heterogeneity of the values of weather growth factors between 
different years, Berck and Helfand (1990) reconciled the Von Liebig and the smooth 
aggregate production functions. They showed that even if a crop operates according to 
the hmiting nutrient principle, the addition of heterogeneity of one or more growth 
factors results in a smooth aggregate production function. Their findings are consistent 
with the results of Chambers and Lichtenberg (1996) who found that an LRP applies for 
input-output relationships based on results of experimental plots. Nijland and Schouls 
(1997) arrived at the same conclusions, arguing that this not only accounts for spatial 
variation as is described by Berck and Helfand (1990) but also for temporal variation and 
variation in genetically determined potential production. The effect of variation in growth 
factors on the shape of the production function is visualised in Fig. 4.1. For simplicity, 
the linear part of each curve has the same slope, which imphes that no interaction 
between input x and differing cropping conditions is assumed. Instead of different 
cropping conditions, differences in seasonal weather, in soil fertility or in genetic 
production potentials could be substituted. 
An LRP curve (with ratio ac/b=Y) imphes that optimally fine-tuning of nitrogen to the 
output level achieves an agronomic efficiency of 100%. For the linearly increasing 
response section of the production function it holds that the agronomic efficiency is 
constant for each input level of nitrogen. Assuming a profitable production, the 
economically optimal point is the input level at which nitrogen is no longer limiting, i.e. 
where the yield level no longer responds to increasing input levels. This input level is 
environmentally acceptable, but above it the environmental pollution increases 
disproportionately. As is argued above, the level of variation is negatively correlated with 
the value of the ratio ac/b. So a higher variation results in a more smooth production 
function similar to the production function under average circumstances presented in Fig. 
4.1. This means that with increasing variation in the level of growth factors the yield 
response to an extra unit of input decreases more slowly. This is in contrast to the abrupt 
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Fig. 4.1 The hypothetical relation between input and output for different cropping 
conditions. 
change between proportional response and no response (LRP) in the case of the absence 
of any variation as is presented by the curves for condition a, b, and c, respectively, in 
Fig. 4.1. 
The economically optimal input level is at the point where marginal costs equal 
marginal returns. In the case of constant returns to scale, which means a linear response 
to the input level increase, and assuming a profitable production process, the marginal 
costs will always be less than the marginal returns. The economically optimal input level 
is to be found where the linear response curve changes to the plateau with zero response 
to an extra unit of input. Increasing variation in one or more production factors results in 
a decrease in the average agronomic efficiency, because of the decreasing response to an 
extra unit of input. Furthermore, depending on the price ratio of input to output, it causes 
the economically optimal input level to decrease or increase. If the price of an extra unit 
of nitrogen is less than half1 the expected benefit of an extra unit of nitrogen, variation in 
cropping conditions leads to 'oversupply of inputs' if compared with a situation in which 
there is perfect knowledge of cropping conditions. In this case, oversupply increases 
expected profit and is therefore economically interesting for the risk-neutral farmer. 
However, oversupply of inputs is environmentally undesirable. For the optimal balancing 
1 Assuming a 50% probability that the yield will be higher than the expected average yield. 
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of economic and environmental goals it is vital to determine the specific crop conditions 
and to fine-tune inputs to these specific conditions. 
4.4 Methods and materials 
4.4.1 Effect of weather on the yield assessed with a simulation model 
The yield level of sugar beet was simulated for the weather in the years 1954 through 
1996. The simulation was applied for a soil type predominant in East Flevoland: a light 
marine clay soil, rich in lime. The parameters on soil characteristics were derived from 
the soil map of the Netherlands (Eilander et at, 1990). The simulation was executed with 
the model WAVE (Water and Agro-chemicals in the soil and Vadose Environment). 
WAVE integrates four existing models: soil water flow based on SWATRER (Dierkx et 
al, 1986), nitrogen cycling based on SOILN (Bergstrom et al, 1991), heat and solute 
transport based on LEACHN (Hutson and Wagenet, 1992) and crop growth based on 
SUCROS (Spitters et al, 1989). WAVE requires input data on crop, weather, soil type 
and nitrogen application. WAVE has proved to be valid for various years and locations 
(Verhagen and Bouma, 1997; Vanclooster, 1995). When possible, parameters were set to 
standard values as described in Vanclooster et al. (1996). Some processes and parameters 
in WAVE needed to be adjusted to the specific soil in East Flevoland. The specific 
characteristics of the light marine clay soil and the organic matter complex are described 
in De Buck et al. (2001). Data about specific cropping practices for sugar beet in 
Flevoland were derived from PAV et al. (1997). 
The model was calibrated for the specific soil, assuming the cropping of potatoes (for 
details, see De Buck et al, 2001). The mineral mass balances averaged over 10 years 
were judged to be satisfactory. In this way, the parameters for the processes in our 
specific soil were obtained. The model was calibrated for the simulation of the yield of 
sugar beet as follows: for sugar beet three runs were made for the years 1992-1994. The 
simulated yields were compared with average yields achieved in practice in East 
Flevoland for the same available nitrogen levels (N mineral in the soil and N fertiliser) 
based on cropping data provided by Suikerunie (a Dutch sugar beet processing 
company). A dry matter fraction of 24% was assumed (Smit and Struik, 1995). From this 
comparison it was concluded that the simulated yields were acceptable but that in 
practice, on average the actual yields were lower than the simulated yields (see Table 
4.1). Although differences in soil, management and in the occurrence of pests between 
the simulation and practice might have been responsible for this, a more likely 
explanation is the harvesting losses of about 15% (Smit et al, 1996) which occur in 
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Table 4.1 The yield of sugar beet (t dm/ha) realised in practice and based on the 
simulation results for the years 1992,1993 and 1994. 
Year Simulated yield Yield in practice Available N 
(t dm/ha) (t dm/ha) (kg/ha) 
1992 20 20(n=114) 175 
1993 19 17(n=124) 170 
1994 18 17 (n=98) 164 
practice. From this perspective, the simulated yields are low compared with the actual 
yields. 
The yield of sugar beet was simulated for the weather of the years 1954 through 1996 
using the calibrated WAVE model for seven levels of available nitrogen, namely 80, 130, 
150, 170, 190, 210 and 460 kg N/ha. The parameters a and b of the production function 
(Eq. 4.1) were estimated with multi-variate regression. By simulating the production for a 
very high N level (460 kg N/ha) too, the maximum yield for each year was found. As the 
parameter c represents the maximum yield, this parameter was set equal to the production 
simulated at 460 kg N input per ha. The parameters were assessed for each year, 
separately. These production functions will be called the 'Umited-production functions'. 
For the assessment of the aggregated function as used by economists the simulated 
yields for all years were averaged for the seven levels of available nitrogen. We will refer 
to this production function as the 'normative-production function'. 
4.4.2 Weather indexes derived from panel data from sugar beet growers 
Leneman et al. (1999) estimated the variation in yield level due to weather effects on the 
basis of an analysis of panel data from the Farm Accountancy Data Network (FADN) of 
Dutch sugar beet growers for the years 1975-1996. The method used was described by 
Oskam (1991) and Oskam and Reinhard (1992) and involves estimating weather indexes 
with an econometric model. In the model specification, technological development was 
incorporated as the systematic variation in yield, and weather indexes were described by 
the stochastic variation in yields. Leneman et al. (1999) adapted the analysis by using 
panel data at the farm level. In this way, the actual yields could be linked to real input 
data; this had not been possible in the previous analyses. The estimation of the weather 
index was conducted in two steps. The first step was to estimate the year effect. We 
assumed that the average year effect over the total period was zero. Furthermore, we 
assumed that there were no interactions between the individual inputs. For sugar beet, an 
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additive model was estimated (Leneman et ah, 1999): 
Yit -f(Cib year¡, Xit, Z¡) + u¡ + vit (4.2) 
where: 
Yu = physical yield; roots, fresh weight (kg/ha) 
Cjt = constant 
yeart = year dummy (consists of weather effect and technological 
development) 
Xu = variable inputs; nitrogen (kg N/ha) and area of sugar beet (ha/farm) 
Z, = farm-specific inputs; soil properties (Clay, Sand, other) and region 
(North, West, South, East) 
u¡ - imperceptible farm effect 
vu = random disturbance 
t = 1,...,T (years) 
i = 1,..., I (farms) 
The second step was to isolate the weather effect from the year effect. The method used 
is similar to the method of Oskam (1991) applied by Leneman et al. (1999). 
Year =f(T, f, TR3) (4.3) 
where: 
T = trend variable 
TR3 = f-i(fxf)/(fxf))xf- ((fxT)/(TxT))XT 
A variable technological development was assumed for the formulation of the year effect, 
and to achieve maximum flexibility second- and third-grade terms were also added 
(Leneman et ah, 1999). 
4.4.3 Assessment of the optimal nitrogen level and the associated efficiency level 
Yields for 1982 were used as the baseline for evaluating the effect of the occurrence of 
pests, weeds and diseases in relation to weather on the simulated yield. The simulated 
yield for 1982 at increasing available nitrogen coincides with the averages of the 
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simulated yields over the period 1975-1996. Multiplying the simulated yields for the 
increasing nitrogen levels by the weather indexes of the associated years provides new 
data for re-estimating the parameters of production function (Eq. 4.1), resulting in what 
we propose to call the 'adapted limited production functions'. Thus, we assumed that the 
relative impact of the weather was equal for all nitrogen levels. It is appropriate to do so, 
as for sugar beet an additive model rather than a multiplicative model applies (Oskam, 
1991), which justifies the assumption of a proportional effect. The next step was to 
average the adapted yields of all years per nitrogen level. Estimating the parameters of 
the production function (Eq. 4.1) for these average data resulted in the 'adapted 
normative production function'. 
The major issue for the establishment of the variation in weather on the efficiency is 
whether the response curve reaches the maximum gradually (0<ac/b<l, curve with 
decreasing returns) or abruptly (ac/b=\). If the value ac/b of the normative production 
function is smaller than the ac/b values of the limited-production functions, it can be 
concluded that variation in weather conditions results in a more or less LRP function 
changing into a smooth production function showing decreasing returns. We, therefore, 
calculated these coefficients for both the limited-production functions and the normative 
production functions. 
After assessing the parameters of the various production functions, the economic 
optimal nitrogen levels were calculated. In accordance with the rule used by economists 
for the assessment of the optimal nitrogen level, which is that marginal returns equals 
marginal costs, the price ratio of the input and output was made equal to the first 
derivative of production function (Eq. 4.1) as given in Eq. (4.4). 
PT dy b + x-2ac + J(b + x)2-Aacx .. .. 
— = ~ - 1
 v (4.4) 
Py & 2a-j(b + xf-4acx 
where, Px = unit price of input 
Py = unit price of output 
x = input 
y = output 
Given the price of nitrogen which was 1.33 DFL per kg N and the price of sugar beet 
which was 118 DFL per ton fresh weight (PAV et al., 1997), the price ratio amounted to 
0.0027. Assuming 24% dry matter, this gives a price of sugar beet of 492 DFL per ton 
dry matter. The optimal nitrogen input level was calculated for both the limited 
production functions and the normative production function and also for the adapted 
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production functions. The associated yield levels were then calculated for the assessment 
of the associated efficiencies. 
Next, the effect of variation in weather on agronomic efficiency was assessed by 
determining the ratio of the normative nitrogen productivity to the limited nitrogen 
productivity. The extra effect of the occurrence of pests, weeds and diseases was 
determined by the ratio of the normative productivity level to the adapted normative 
productivity level. The ratio of the adapted normative productivity level to the limited 
productivity level then presents the total effect of variation in weather on the agronomic 
efficiency. 
4.5 Results 
In order to compare the estimated weather indexes based on panel data analysis with the 
results based on the simulation model, weather indexes were also derived from the 
simulation results. It was assumed that 1982 had a weather index of 1.00, as according to 
the simulation model that year showed average yields. But, note that based on panel data, 
1982 had a very high weather index. The maximum yield for 1982 was then related to the 
maximum yields of the other years (see Fig. 4.2). Although the years 1954-1996 were 
analysed with the simulation model only the weather indexes for the period 1975-1996 
were compared, as it was only for these years that weather indexes based on panel data 
were also available. The range of weather indexes derived with the simulation model for 
the period 1975-1996 varied between 0.82 and 1.13. The weather indexes derived from 
panel data for the same period varied between 0.84 and 1.19. The estimated variances are 
0.014 and 0.009 for the weather indexes derived with the simulation model and panel 
data, respectively. 
The patterns of the two indexes do not correspond. The Pearson correlation between 
both weather indexes is only 0.139 and not significant (Fig. 4.3). Much of the difference 
between the indexes can be explained by the development of the crop in the individual 
years (Table 4.2). As Table 4.2 shows, the indirect effects of weather include not only the 
occurrence of pests, weeds and diseases and the effectiveness of biocides, but also the 
sowing date and possible harvesting problems. In general the results suggest that the 
simulation model underestimated the yield level in years without negative growth factors. 
The latter factors (for example, a late-sowing date, a poor soil structure, the occurrence of 
pests and frost damage) resulted in the weather indexes derived with the simulation 
model being higher than those found in practice; note that these factors were not 
incorporated in the simulation. Furthermore, the simulation model seemed to greatly 
underestimate periods of rapid growth in autumn. We checked this by doing a more 
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detailed analysis. We found a high regression coefficient of 0.9715 for the years 
1981,1982, 1984, 1987 and 1989, which were generally years with ideal cropping 
weather and no negative indirect weather effects (see Table 4.2). As the results of the 
simulation model for these years agreed with the results obtained from the panel data, we 
concluded that both methods estimate the impact of direct weather effects, similarly. 
Furthermore, the regression line shows that the simulation model for those years where 
the crop yield depended solely on the weather and there were no other negative growth 
factors such as pests, drought and frost, the simulation model systematically calculated 
the crop yield 20% too low. In Fig. 4.3, in addition to the years on the regression line, 
there are two clusters of points, in which the variation in weather indexes based on the 
simulation model varied little though the weather indexes based on panel data varied 
more. This confirms our assumption that the weather indexes based on panel data are 
affected by more growth factors than were taken into account in the simulation model. 
Fig. 4.4 depicts some examples of production functions for the years 1959, 1982, 
1987, which represent the highest, average and the lowest yields, respectively, together 
with the average production function based on the simulation model results. Compared 
with the other production functions represented, the average production function shows a 
smoother pattern of decreasing returns. Thus, Fig. 4.4 supports our contention, presented 
in Section 4.3, that due to variation in the production factor weather, production functions 
with a more LRP character turn into a smooth function with decreasing returns at the 
aggregated level. This is in line with our finding that the normative optimal nitrogen level 
increased but the average agronomic efficiency decreased. The calculated normative 
optimal nitrogen level was 189 kg N/ha. The limited optimum level for nitrogen, 
calculated as the average of the derived optimum nitrogen input level for each separate 
year, was 174 kg N/ha. The associated normative and Umited yields were 17.3 and 17.5 
ton dm/ha, respectively, and the normative and limited N productivities were 0.09 and 
0.10 ton dm/kg N, respectively. This gives the agronomic efficiencies of the normative 
and hmited optimal levels of 90 and 100%, respectively. This means that variation in 
weather accounts for 10% of the agronomic inefficiency of nitrogen fertiliser in sugar 
beet. 
If the indirect effects of weather on pests, weeds and diseases and the effectiveness of 
biocides are taken into account, the calculated adapted normative optimal nitrogen level 
is 212 kg N/ha. The adapted limited optimal nitrogen level amounts to 185 kg N/ha. The 
associated normative and hmited yields are 17.1 and 17.4 ton dm/ha, respectively, so the 
normative and hmited N productivities are 0.08 and 0.09 ton dm/kg N, respectively. The 
agronomic efficiencies of the normative and limited optimal levels are 86 and 100%, 
respectively. This implies that weather variation including indirect effects, based on 
panel data for the period 1975-1996 accounts for 14% of the agronomic inefficiency of 
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Table 4.2 The ratio (%) between the yields of sugar beet derived from panel data and the 
simulated yields and factors explaining variation in crop development in practice. 
Year Ratio of yield Factors explaining differences between simulation and panel 
levels (%) data1 
panel data vs. spring summer Autumn 
simulated 
1975 0.78 late sowing drought stress -
1976 0.85 drought stress drought stress -
1977 1.09 - - -
1978 1.11 rapid start - -
1979 1.01 rapid but late start - -
1980 1.10 - - -
1981 1.21 ideal weather ideal weather ideal weather 
1982 1.19 ideal weather; early 
start 
- -
1983 0.85 late start - -
1984 1.19 early start drought stress rapid growth 
1985 0.91 late start; pests - -
1986 0.91 rapid start; pests drought stress -
1987 1.32 slow start; good soil 
structure 
quick growth rapid growth 
1988 0.99 rapid start; poor soil 
structure 
- -
1989 1.22 rapid start - -
1990 1.06 early and rapid start quick growth -
1991 1.04 slow start slow growth rapid growth 
1992 0.98 rapid start; pests - -
1993 0.93 rapid start; good soil 
structure 
slow growth frost damage 
1994 0.81 late start; pests; poor drought stress; hail slow growth; 
soil structure damage difficult harvest 
1995 0.89 slow start; poor soil 
structure 
drought stress some frost da-
mage 
1996 0.96 early start; good soil 
structure 
slow growth -
'Derived from IRS (1975-1996). 
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Fig. 4.4 The average hmited production function and the hmited production functions for 
the years 1959, 1982 and 1987. 
nitrogen fertiliser in sugar beet. 
The ratio of the hmited N productivity to the adapted normative N productivity gives 
the inefficiency attributable to variation in weather (including the indirect effects of such 
variation). For the period 1975-1996, the average hmited optimal nitrogen application 
and associated yield were 185 kg N/ha and 17.3 ton dm/ha, respectively, resulting in an 
N productivity of 0.09 ton dm/kg N. The adapted normative N productivity is 0.08 ton 
dm/kg N. This means that variation in weather, including indirect effects via pests, weeds 
and diseases, contributes 13% to the agronomic inefficiency of N fertiliser for the period 
1975-1996. 
As already is mentioned, variation in weather only boosted the optimal nitrogen level 
if the price of an extra unit of nitrogen was less than half the expected financial benefit of 
an extra unit of nitrogen. It is interesting to see at which price for nitrogen the normative 
optimal nitrogen level equalled the hmited optimal nitrogen level. The associated price 
ratio of nitrogen and sugar beet can be calculated by inserting the hmited optimal 
nitrogen level in the first derivative of the averaged production function. Assuming a 
price of 492 DFL per ton dry matter for sugar beet the price for nitrogen should be 1.93 
DFL per kg N. So, in order to equalise the normative and hmited optimal levels, the price 
of nitrogen should rise by 45%. Consequently, a small variation in the price of nitrogen 
has only a very hmited impact on the economic optimal nitrogen level. 
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4.6 Discussion 
Our results show that variation in weather reduces the agronomic efficiency of nitrogen. 
In fact, it is not the variation itself that is the problem, but its unpredictability. The results 
presented show that if a farmer were to have perfect knowledge about the weather in the 
coming cropping season, at the current price ratios his agronomic efficiency could be 
improved by 13%. He could diminish the discrepancy between his actual knowledge and 
perfect knowledge by spUtting the nitrogen applications so that the amount of nitrogen 
was better adjusted to the specific conditions of the growing season. In this way, he could 
improve his agronomic efficiency. Further research needs to be done on the time 
windows, the potential improvement of efficiency and the risk of late applications 
(Schroder et al, 2000). 
The results show that at the current price ratios, the stochastic nature of weather results 
in the optimal nitrogen level being higher than it would be if the weather were known or 
predictable. Researchers should not be overhasty and conclude that farmers are 
oversupplying nitrogen, because in fact these farmers might be behaving economically 
sensibly. In agronomic and economic research the normative optimal input level is often 
calculated post hoc, based on the yields achieved. Furthermore, because long runs of data 
are scarce, there is a risk of underestimating the variation in weather, resulting in lower 
calculated optimal input levels. 
Of the two methods used for the calculation of the agronomic inefficiency due to 
variation in weather in this chapter, the simulation model takes only the direct effect of 
variation in weather into account, whereas the use of panel data also allows the indirect 
effects of weather to be taken into account (including its effects on the occurrence of 
pests, weeds and diseases and on the effectiveness of biocides to control them). Though 
the inclusion of indirect effects might be expected to increase the variation in yield and, 
therefore, also the agronomic inefficiency, in this study the agronomic inefficiency 
increased by only 3%. This relatively small increase suggests that the indirect effects of 
weather via pests, weeds and diseases and of the effectiveness of biocides might have an 
opposite effect compared with the direct effect of weather. This hypothesis seems to be 
supported by the absence of a significant correlation between the two weather indexes 
and by the lower estimated variance in the weather indexes based on panel data. As the 
characteristics of the crop development for the individual years show (Table 4.2), indirect 
weather effects (which include not only pests, weeds and diseases but also the sowing 
date, drought, and frost and harvest damage) could explain most of the disagreement 
between the two indexes. Furthermore, the high regression coefficient for the weather 
indexes of the years 1981, 1982, 1984, 1987 and 1989 show that for years with ideal 
cropping conditions and hardly any negative indirect effects of weather, the results of the 
79 
Chapter 4 
simulation model agree with those of the panel data. However, the absence of a 
significant overall correlation between both indexes implies that indirect weather effects 
play an important role in practice, as was also shown by the differences found in 
variation (relatively small for the simulation model but large for the panel data) within 
the clusters indicated. From this can be concluded that the practical implications of the 
simulation model are limited, as it does not take important cropping factors into account. 
The economically optimal nitrogen level for the farm was calculated based on the 
averaged production function and assuming that other inputs were not limiting. However, 
in practice, because of certain cost ratios it is possible that other inputs are hmiting, 
which results in a production function with a lower maximum yield. This occurs, for 
instance, if total crop protection is not profitable; in that case the nitrogen productivity 
will be lower, which means that the optimum nitrogen level in practice could also be 
lower than we calculated. 
4.7 Conclusions 
The main conclusions of this attempt to evaluate the effect of variation in weather on the 
agronomic efficiency as an important indicator for both economic and environmental 
aspects of sustainability can be summarised as follows: 
• At the current price ratios, variation in weather results in a higher economic optimal 
nitrogen level and in the agronomic efficiency decreasing by 10%. 
• If the indirect effects (i.e. the occurrence of pests, weeds and diseases, the 
effectiveness of biocides applied to control them, and also the sowing data and 
possible harvesting problems) are included, at the current price ratios the agronomic 
efficiency decreases by 13%. 
• Farmers behave more economically rationally than economists and agronomists might 
assume if they base their findings on production functions for individual or only a 
small number of years. 
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5 
Assessment of the quality of farmers' environmental 
management and its effects on agronomic efficiency: 
A Dutch case study 
Abstract 
Most research on efficiency of farm management focuses on the relationship between an array of 
individual management variables and agronomic performance. Few studies have analysed the relationship 
between the total complex of farm management and agronomic farm performance. The present study uses 
the concept of strategic management and applies it to nitrogen management on Dutch arable farms. Data 
Envelopment Analysis (DEA) was used to assess farm specific efficiency scores for fertiliser use. For a 
sub-sample of the farms used in the DEA analysis, the strategic management concept was addressed by 
means of a workshop. The management elements (objectives, internal analysis of weaknesses and 
strengths, external analysis of opportunities and threats, and synthesis) were made operational by relating 
them to the introduction of the Mineral Accounting System (MINAS) by 2001 for Dutch arable farms. 
The external analysis was evaluated by questions about the MINAS rales; the internal analysis was 
evaluated by questions on the expected consequences for the farmer's N management. An interactive 
simulation model evaluating whether farmers were able to choose the optimal fertilisation strategy in view 
of MINAS assessed the 'quality of the synthesis'. A positive correlation was found between N efficiency 
at farm level and the 'quality of the synthesis', 'the internal analysis' and the economic degree of the 
mission'. 
Paper by T.J. De Koeijer, G.A.A. Wossink, A.B. Smit, S.R.M. Janssens, J.A. Renkema and P.C. Struik, 
submitted to Agricultural Systems. 
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5.1 Introduction 
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Efficiency improvement is one of the best strategies in agriculture to make the use of 
chemical inputs environmentally sustainable while maintaining income. Earlier research 
(De Koeijer et al., 2001) showed that differences in efficiency of fertiliser and pesticide 
application among arable farmers in the Dutch province Flevoland are significant and 
persistent within years (over fields) and between years. Although physical conditions 
explained some of the variation in efficiency of farmers in the data set analysed, it was 
concluded that differences in efficiency were mainly the result of differences in farm 
management. This implies that improvement of management can contribute substantially 
to the efficiency of the production process. In order to learn how management can be 
improved, insight must be obtained into the relationship between farm management and 
agronomic efficiency. Following agronomists, agronomic efficiency is then defined as 
the ratio of the productivity (kg input/kg output) and the maximum productivity. Note 
that economists term this efficiency the technical efficiency. 
Three temporal levels can be distinguished in farm management: strategic, tactical and 
operational. The strategic level concerns long-term aspects and focuses on the 
organisation of the enterprise with regard to resource endowments (land, labour, capital, 
machinery and rotation scheme). The tactical level concerns the medium long term (i.e. 
the production cycle of one crop) and focuses on the selection of the production methods 
given the farm organisation. The operational level concerns the day-to-day 
implementation of the production methods selected given the actual crop development 
and weather conditions. Strategies, tactics and operations respectively define how to 
achieve the objectives at the strategic, tactical and operational levels described. 
The efficiency realised will be affected by decisions made at each management level. 
Strategic decisions, such as the frequency of crops in the crop rotation, affect output 
levels and physical, chemical and biological soil fertility; tactical decisions about the 
production technique directly affect the intended quantities of input use and output 
generated, and thus the intended relations between input and output relations, and 
operational decisions determine whether the intended input-output ratios will be reahsed 
in practice. For efficiency to be improved, the tactical management level should be the 
focal point of the analysis, as decisions at this level concern intended input-output ratios. 
Day-to-day operations are concerned with realising the intended output quantities by 
applying the inputs as well as possible (by timing, quantity, method of application, etc.). 
Strategic decisions have only an indirect effect such as the choice for a narrow rotation, 
which commonly reduces output or increases the need for inputs. 
Management is often considered an important factor in explaining differences in 
efficiency but little work has been done to actually analyse the relationship between 
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management and efficiency realised. The efficiency literature often explains the 
relationship between management and technical and/or economic performance by 
personal aspects such as level of education' and 'experience or age' (for an overview see 
Rougoor et ah, 1998). These aspects are relatively easy to measure but cover only a small 
part of all aspects concerning management. Wilson et at. (1998) and Rougoor et al. 
(1998) concluded that more detailed information about management decision-making 
and ability is needed in addition to the personal aspects when explaining variation in farm 
performance. Important reasons for the lack of research on this subject may be the 
complexity of the concept and the costs of data collection, as well as the difficulty of 
quantifying relevant variables (Trip, 2000; Kirkley et al, 1998; Rougoor et al, 1998). 
Wilson et al. (2001) included some indicators of the managerial decision-making 
process, such as the motives and drives of farmers and a characteristic of the information 
sources used. They found significant correlations between the technical efficiency of 
wheat farmers and the objective of maximising annual profits, the objective of 
maintaining the environment and the sources of information used. 
An overview of empirical studies that explicitly deal with management capability of 
farmers in relation to technical and/or financial results at farm level is presented by 
Rougoor et al. (1998). These authors conclude that of the four types of data collection 
methods (analysing existing farm data, single on-farm investigations, longitudinal on-
farm observations and off-farm experiments), most studies reviewed were based on 
single on-farm investigations through questionnaires and interviews. Rougoor et al 
(1998) suggested that for an effective analysis of aU aspects of management capability, 
other methods such as regularly repeated on-farm investigations can be more useful 
because longitudinal observation is more in line with the dynamic nature of decision-
making. Longitudinal observation has been used for the analysis of operational 
management in relation to the technical and economic performance of the farmer 
(Rougoor et al, 1999a, b), but is less practical for analysis of tactical management. The 
relatively long period of analysis required is extra complicating, because many factors 
may change during the analysis. 
Recently, methods from experimental economics have been put forward as offering 
possibilities for analysing the behaviour of decision-makers. Experimental economics is a 
means to benefit from the strength of field experiments (such as control of intervening 
variables) and to overcome some of their practical hmitations (such as high money and 
labour requirements) (Verstegen et al, 1998). An off-farm economics experiment seems 
particularly appropriate for effective analysis of all aspects of farm management in 
relation to agronomic performance. This was the approach chosen. In this chapter we 
present a theoretical assessment of the relationship between farm management capability 
of arable farmers and the efficiency of nitrogen, using an interactive simulation model. 
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With this methodology, weak aspects in the management of individual farms can be 
identified, which is the first step for farmers and/or their advisers in the process of farm 
management improvement. 
In the following section, the theoretical concept of management is elaborated. Next, 
the management concept is operationalised and the method of management data 
collecting by means of a workshop including an economics experiment is described. 
Furthermore, the method used to measure agronomic efficiency and the data set analysed 
is described. Then, the results concerning the measurement of management capability 
and agronomic efficiency are presented and finally the methods used and results obtained 
are discussed, after which the conclusions are presented. 
5.2 Theoretical background 
The literature on analysis of management in relation to agronomic performance suggests 
that a wide array of management aspects is needed to explain differences observed in 
practice (Rougoor et ah, 1998). However, the practical use of the results of such studies 
is questionable, as the management aspects are analysed, separately. More appropriate to 
address the total complex of variables characterising farmers' management is the concept 
of strategic management. 
Strategic management is concerned with finding the best Tit' between the managerial 
preferences, a firm's internal resources and its external environment (Harling, 1992). It 
can be defined as the art and science of formulating, implementing, and evaluating the 
decisions that enable a company to achieve its objectives (David, 1999). The process of 
strategic management consists of three phases: strategy formulation, strategy 
implementation and strategy evaluation. Strategy formulation includes developing a 
business mission, identifying external opportunities and threats, determining internal 
strengths and weaknesses, establishing long-term objectives, generating alternative 
strategies, and choosing particular strategies to pursue. Strategy implementation concerns 
the translation of formulated strategies into action in order to achieve the stated 
objectives. Strategy evaluation is the final phase in strategic management. In this phase, 
three activities can be distinguished: reviewing external and internal factors that are the 
basis for current strategies, measuring performance and taking corrective actions (David, 
1999). 
The key words in strategic management are: mission statement, external analysis, 
internal analysis, synthesis, strategy, tactics and operations (see Fig. 5.1). The firm 
mission can be seen as the condensed reflection of the objectives of the entrepreneur. The 
internal analysis identifies the strengths and weaknesses of the firm in relation to the 
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Fig. 5.1 Model of the concept of strategic management. 
objectives of the entrepreneur. The external analysis identifies the opportunities and 
threats from the environment of the firm in relation to the entrepreneur's objectives. The 
synthesis of the external and internal analyses with the objectives of the firm results in a 
firm strategy (Huirne, 2000). Implementation of the strategy in practice is realised by the 
tactics (annual objectives and strategies) and by operational management (the day-to-day 
decisions). The concept of strategic management is appropriate for the analysis of the 
total complex of variables characterising farmers' management with respect to 
agronomic performance. 
Although not explicitly mentioned in literature on strategic management, the cycle 
consisting of the objectives, external and internal analyses and the synthesis resulting in a 
strategy is also repeated at the tactical and operational management levels. The 
opportunities and threats from the environment, and the strengths and weaknesses of the 
farm also affect decisions at the latter management levels, although these are derived 
from the set of objectives at the management level in question. Given this similarity, we 
consider the concept of strategic management to be a useful approach for the analysis of 
the decision making process at the tactical and operational levels too. At the tactical 
management level, the concept of strategic management can help elucidate the personal 
factors that affect the selection of production techniques in the context of the farm 
organisation and the external environment. The concept can provide relevant insights into 
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the relationship between management aspects on the one hand and agronomic and 
economic performance on the other. 
Although the model of the concept of strategic management as in Fig. 5.1 was 
developed for large businesses, some researchers have started applying it to small 
businesses such as family farms. Harling (1992) tested the applicability of the concept of 
strategic management to farm management by using a questionnaire based on general 
relationships between components of the strategy (goals, scope and competitive strategy) 
and a situational variable (environment, resources, managerial preferences with regard to 
objectives and strategies). Gafsi and Brassier (1996) apphed the concept of strategic 
management to the strategic level of management focusing on the effect of changes in the 
environment on the strategy of the farmer. To our knowledge, the application of the 
concept of strategic management to the selection of production techniques, i.e. to tactical 
management decisions, has not yet been addressed in the farm economics literature. Yet, 
it is important to apply this concept to the level of tactical management, as it is a method 
for analysing management as a coherent complex of factors. 
5.3 Methods and material 
5.3.1 Methods of measurement of management capability and agronomic efficiency and 
their mutual correlation 
A workshop was organised in which the following elements of the concept of strategic 
management were measured: the objectives, the external analysis, the internal analysis, 
farm strategy and the production technique. These elements were made operational by 
relating them to a specific case, the new fertilisation legislation in the Netherlands called 
MINAS (Mineral Accounting System). MINAS assesses surpluses of nitrogen (N) and 
phosphorus (P) on a per hectare basis and will be mandatory for arable farms from 2001. 
The N surplus is calculated by subtracting crop uptake from the total supply. An 
exemption is granted for that part of the N surplus which is considered unavoidable, 
known as the maximum permitted 'loss rate'. The P surplus is calculated by subtracting 
crop uptake from the organic supply minus the maximum loss rate. Applications of 
chemical phosphorus are exempted from the input, as farmers usually do not oversupply 
chemical phosphorus. The final targets for the loss rates of N and P will be introduced in 
2003. Oversupply will be taxed. Table 5.1 gives an overview of the implications of 
MINAS for the arable farmers. 
In this study, the N surplus is calculated as the application rate minus the standard 
uptake and the loss rate. The P surplus is calculated as the organic apphcation rate minus 
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the standard uptake and the loss rate. 
An interesting question with regard to the introduction of MTNAS is whether the 
synthesis made by the farmer concerning his objectives and internal and external analysis 
results in an optimal fertilisation tactic. In order to measure the quality of the synthesis 
made by the farmer, the workshop participants were twice asked to indicate their 
fertilisation tactic in the context of MINAS. The first time they were asked to enter their 
fertilisation tactic, expected yield levels and nutrient surpluses per crop in a table on 
paper. The second time they were asked to enter their fertilisation plan into an interactive 
simulation model, which used their own farm data. With this model, the participants 
could find an approximately optimal fertilisation tactic by trial and error before entering 
their optimal fertilisation plan. The simulated fertilisation tactic, yield levels and nutrient 
surpluses found by the simulation model were compared with those indicated by the 
farmers beforehand. An indication about the quality of the synthesis (without the aid of a 
simulation model, which is common in practice) was obtained by comparing the 
difference between the expected and the simulated, optimal fertilisation tactic, yield level 
and nutrient surpluses. 
Data Envelopment Analysis (DEA) was employed to quantify the relative nitrogen 
efficiency for each farmer. In arable farming, nitrogen is the most important nutrient with 
regard to crop production and environmental effects, and it is also the major obstacle 
preventing arable farmers from meeting the MINAS standards (Van Loon, 2000). The 
relationships between the farmers' management capability and the nitrogen efficiency 
scores were analysed by means of Spearman's rank correlation. Scores on management 
capability were derived from the results obtained in the workshop and efficiency scores 
were provided by the DEA analysis. 
5.3.2 Workshop, management indicators and objectives 
Nine farmers for whom bookkeeping data were available from the Dutch Farm 
Accountancy Network (FADN), participated in the workshop, which was held in 
February 2000. Their objectives were assessed as follows: they were asked to assign a 
total of seven points to three out of ten goals. They were allowed to add any major 
objectives that had not been listed. For the analysis of the relationship of the objectives 
and the nitrogen efficiency we used the relative importance of economic objectives as an 
indicator. This was measured through the total number of points attributed to those 
objectives which were purely economic (consisting of the objectives 'reasonable income' 
and 'maximising profit', see Table 5.4). 
For the measurement of the intensity of the external analysis the farmers were asked 
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Table 5.1 Implications of MINAS for arable farmers in the Netherlands. (Source: Dodde, 
2000). 
Year 2001 2002 2003 
(final target) 
Standard crop uptake (kg/ha) 
Nitrogen 165 165 165 
Phosphorus 65 65 65 
Loss rates (kg/ha) 
Nitrogen 
on clay soil 150 150 100 
on sandy soil 125 100 60 
on other soils 125 110 100 
Phosphorus 35 25 20 
Tax (DFL/kg surplus)* 
Nitrogen 1.50 - 5 
0-40 kg surplus - 2.50 -
> 40 kg surplus - 5 -
Phosphorus - 20 20 
0-10 kg surplus 5 - -
>10 kg surplus 20 - -
* 1DFL= 0.45EURO=0.4US$ 
to answer questions about their knowledge of and attitude to MINAS. During 2000, 
farmers could participate in MINAS pilot projects on a voluntary basis in order to 
become familiar with the system. The workshop attendees were asked if they had already 
participated in MINAS and if they had attended information meetings. Furthermore, they 
had to answer the following questions about the accounting rules used in MINAS: 
1. Is the yield level of a crop relevant? 
2. Is the crop species relevant? 
3. Is it relevant to register negative surpluses (i.e. the amount of nitrogen that could have 
been applied additionally without exceeding the standard above which tax has to be 
paid) on the nutrient balance sheet? 
The intensity of the internal analysis was measured by asking farmers to indicate at most 
three major weak aspects of their fertilisation management with regard to MINAS. 
Whether the mentioned aspects were indeed the major obstacles was judged by analysis 
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of their current fertilisation practices. The score ranged from 0 (wrong obstacles 
indicated) to 2 (right obstacles indicated). In addition, the farmers were asked whether 
they expected they would have to modify their fertilisation tactics when MINAS was 
introduced. An extra score of 1 point was given if this expectation was in line with the 
results of the interactive simulation model (see next section). 
The synthesis of the farmers' objectives and internal and external analysis should 
result in a new fertilisation tactic. Therefore, asking the farmers how they would adapt 
their fertilisation tactics in response to MINAS assessed the synthesis. Next, the farmers 
could search for an optimal fertilisation tactic with the interactive simulation model. 
Differences between the indicated tactic before and after the simulation indicated the 
quality of the synthesis made by farmers without the aid of a simulation model. The 
quality score ranged from 0 (in the case of opposite trends) to 2 (trends indicated agreed 
with simulation results). 
5.3.3 Interactive simulation model 
It is very complex to analyse the way in which farmers synthesise their personal motives 
and drives with the external opportunities and threats they perceive and the strengths and 
weaknesses of their farm into specific management measures. Each farmer has unique 
personal and farm-specific characteristics, while the complexity of the production 
process is an extra complicating factor. This diversity and the complex production 
process can be taken into account with an interactive simulation model (Baarda, 1999). 
The model registers nutrient surpluses and costs and returns per crop and per farm. It 
includes the most important relations between nutrient level and crop yield and is, 
therefore, an appropriate tool for analysing the yield and nutrient surplus effects of 
farmers' fertilisation tactics. Each individual farm can be visualised by the computer 
using data from the Dutch Farm Accountancy Network (FADN), so each farmer makes 
decisions for his own specific situation. 
The farmers could adjust their fertilisation tactic on the computer through adjusting 
the level of nutrient application, the type, period and method of manure application and 
use of catch crops in order to boost yields, increase margins or reduce penalties for 
surplus nutrients. 
The data on input-output relations used in the simulation models were derived from 
agronomic insights and results from fertilisation experiments by agronomic research 
institutes. Based on these data, parameters were estimated and applied in a study 
concerning the expected social economic effects of the loss rates for phosphorus and 
nitrogen (Prins, 1995). The basic assumption is that an optimal yield will be realised if 
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the application of nitrogen and phosphorus equals the fertiliser recommendations (see for 
instance Van Dijk, 1999). With higher nutrient doses, yields will not increase. If 
applications are lower, yields will fall in accordance with Eqs. 5.1 and 5.2, which 
represent the input-output specification for crop yield and nitrogen and phosphorus, 
respectively. The parameter values for the most important crops are given in Tables 5.2 
and 5.3. 
Y = 1-cx (minimum(0, (N- (a- bxNmn))))2 (5.1) 
Where, Y : Relative yield (ton/ton) 
N : nitrogen application rate (kg N/ha) 
Nmin : mineral nitrogen in the soil (kg N/ha) 
Z = minimum{l, (d+ eP2O5+fxPw+gx\IP2O5+hx^Pw+kx(P2O5/Pw))/10) (5.2) 
Where, Z : Relative yield (ton/ton) 
P2O5 : phosphate (kg/ha) 
Pw : phosphate status of the soil (mg/l) 
Table 5.2 The parameter values of the relationship between relative yield and nitrogen 
availability (Eq. 5.1). 
Coefficients a b c 
Ware potato 310 2.0 0.000012 
Winter wheat 285 1.1 0.000014 
Sugar beet 200 1.7 0.000050 
Table 5.3 The parameter values of the relationship between relative yield and phosphate 
availability (Eq. 5.2). 
Coefficients d e f g h k 
Ware potato 87.8 -0.0087 -0.239 0.101 3.37 0.1902 
Winter wheat 53.4 -0.0135 -1.012 0.204 13.67 0.2124 
Sugar beet 68.2 -0.0075 -0.765 0.096 9.92 0.1374 
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The farm-specific output levels and the input and output prices were derived from the 
FADN, and were normalised for prices and weather influences. The model had been 
tested earlier in an earlier workshop with ten farmers from the Central Clay Area of the 
Netherlands. Those farmers had responded very favourably; they felt very comfortable 
with the basic assumptions and the input-output relations included. With the exception of 
some modifications to improve the user-friendliness of the model, no changes were made 
to the simulation model. 
During the workshop the model was used in several rounds of increasing complexity. 
The first round consisted of calculating the basic situation, which is based on their 
current management of the farm. The next round was focused on optimisation of the 
fertilisation management in view of the introduction of MINAS. For simplicity, in this 
round the cropping plan could not be adjusted. In the last round, farmers could also adjust 
the cropping plan. 
5.3.4 DEA analysis 
DEA was employed to quantify the efficiency of nitrogen applied on Dutch arable farms 
in the south-west of the Netherlands. The basic starting point of productive efficiency, as 
applied in DEA, is to individually compare a set of decision-making units (farms). DEA 
constructs a frontier representing the most efficient farms and the method simultaneously 
calculates the distance to that frontier for the individual observations. The frontier is 
piecewise linear and is formed by tightly enveloping the data points of the observed "best 
practice' activities in the observations, that is the most efficient farms in the sample. 
DEA uses the distance to the frontier as a measure of efficiency. The relative 
performance based on the frontier performance provides a score for each farm from 0 
(worst performance), to 1 (best performance). For a review of the general advantages of 
the DEA technique over other, parametric, approaches see, for example, Seiford and 
Thrall (1990) and Fare etal. (1994, 1996). 
In this Chapter, agronomic efficiency (AE) of a farm is based on the ratio of the best 
agronomic performance in the data set with the agronomic performance of that particular 
farm. Given that from the MINAS point of view the use of fertiliser N input should be 
minimised, we used an input-oriented DEA model aiming at minimising the input level 
given the output level. Following the general approach, we assumed that the input is 
strongly disposable, i.e. the input level can be reduced at no cost. The DEA model used is 
described in the Equation set (5.3a)-(5.3e): 
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Minimise &j (5.3a) 
subject to Yvj > y3 (5.3b) 
BVj<bj0j (5.3c) 
Zvj = 1 (5.3d) 
vj > 0 (5.3e) 
where 0j is the Farrell-Debreu measure of efficiency of the jf-th farm; Y is &p Xn matrix 
of p outputs produced by the n farms; y,- is the intensity vector of the weights attached to 
the n farms for the construction of the virtual comparison unit for farm j ; yj is a p x l 
vector of quantities of output produced by farm j ; BisamXn matrix of m inputs used by 
the n farms, and bj is the vector of these inputs for farm j . 
The efficiency of the n farms was assessed by solving n LP models, in which the 
vectors yj and bj are modified each time another farm j is considered. From Constraint 
(5.3c) follows that <&,• can never exceed unity. A solution for <!>,• that is less than unity 
indicates that a weighted combination of other farms in the sample exists that produces at 
least the same amount of output but with fewer inputs. Constraint (5.3d) is added because 
variable returns to scale are assumed. 
Agronomic efficiency (AE) was calculated according to the Equation set (5.3) using 
Onfront (Fare and Grosskopf, 1998). AE was measured as nitrogen (kg) per unit of 
output (Dutch guilders (DFL), 1DFL=0.4$). Differences in efficiency at farm level could 
be caused by management but also by (1) differences in the cropping plan and by (2) 
differences in output prices. To avoid these disturbing effects, efficiency scores at crop 
level were assessed to provide information additional to the efficiency scores at the farm 
level. At crop level the N efficiency was calculated per unit yield measured in physical 
units (kg) for the most common crops grown in the south-western clay region (sugar 
beet, winter wheat and ware potato). 
The efficiency scores of the workshop participants were calculated simultaneously 
with the scores of the other farmers in the FADN data set. This ensured that the 
calculated efficiencies of the participants were based on the relative distance to the same 
frontier used for the efficiency calculation of the other farms. 
5.3.5 Data 
The analysis was carried out for arable farms located in the southwestern clay area of the 
Netherlands. Data describing the production activities of specialised arable farmers were 
from the Dutch Farm Accountancy Data Network (FADN). The analysis was done for 
the year 1997, the most recent year with relatively average weather. Summary statistics 
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of the full group of 57 farmers are shown in Table 5.4. Nine farmers from this group 
participated in the workshop. The characteristics of the two groups are shown in Table 
5.4. The table indicates some differences between the workshop participants and the total 
group. On average, the workshop participants were 10 years younger than the full group 
of arable farmers; their farms were larger and above all their gross margins (DFL/ha) 
Table 5.4 Characteristics of the total data set and the participants in the workshop, crop 
farmers in the south-western clay area 1997. 
Variables Average Standard deviation 
Total Workshop Total Workshop 
n=57 N=9 N=57 n=9 
Output (DFL/ha) 4820 6350 2153 4166 
Chemical N (kg N/ha) 187 196 37 35 
N from manure (kg N/ha) 44 77 38 22 
Age farmer (years) 51 43 12 9 
Farm size (ha) 63.6 69.2 42.1 37.8 
Potato 
Potato area (ha) 13.3 16.0 10.0 7.9 
Yield (ton/ha) 52.4 51.1 8.0 7.9 
Gross margin (DFL/ha) 5943 6643 2392 1623 
Chemical N (kg N/ha) 395 374 112 81 
N from manure (kg N/ha) 133 104 102 50 
Sugar beet 
Sugar beet area (ha) 10.4 11.1 7.8 8.0 
Yield (ton/ha) 63.9 63.7 7.7 5.8 
Gross margin (DFL/ha) 6721 6442 1097 1098 
Chemical N (kg N/ha) 186 206 66 81 
N from manure (kg N/ha) 31 64 58 76 
Winter wheat 
Winter wheat area (ha) 16.5 17.0 13.0 12.5 
Yield (ton/ha) 7.4 7.5 0.9 0.9 
Gross margin (DFL/ha) 2141 2274 360 376 
Chemical N (kg N/ha) 249 252 48 58 
N from manure (kg N/ha) 6 7 19 21 
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were significantly higher. The latter can be attributed to the extra hectares of vegetables 
(crops with relatively high gross margins) in their cropping plans. Furthermore, as Table 
5.4 indicates, except for sugar beet the workshop participants also realised higher gross 
margins for the individual crops. The gross margins they realised for potato were 
significantly higher, mainly because of the higher output price, which, in turn, probably 
reflects a premium for storage of the potato or other marketing strategies. The workshop 
farmers and the other farmers grew more or less the same varieties. 
At farm level, the workshop participants applied relatively high doses of organic and 
chemical nitrogen. However, compared with the total group at crop level, they applied 
less nitrogen to (ware) potato, more nitrogen to sugar beet and about the same to winter 
wheat. The lower gross margins for sugar beet they reahsed were in line with these 
observations; the higher N applications observed in this research, must have reduced the 
sugar concentration in beets. The workshop participants can thus be characterised as 
relatively young farmers with larger farms and a significantly better economic 
performance in most crops. 
5.4 Results 
5.4.1 Workshop 
By far the most important goal of the farmers who attended the workshop was 'a 
reasonable income'. 'Job satisfaction', 'passing on farm to an heir', 'being self-
employed' and 'maximum profit' had reasonable scores (see Table 5.5). The relative 
importance of economic objectives was measured by the total number of points given to 
the objectives 'a reasonable income' and 'maximum profit'. The scores varied between 2 
and 6 points. 
Concerning the external analysis, it was found that six of the farmers had attended one 
or more information meetings on MINAS. Three farmers already participated in MINAS 
voluntarily. The answers to the questions on MINAS indicated that the farmers did not 
know the accounting rules very well. Only three correctly answered that the yield level is 
irrelevant. Only half knew that for MINAS the crop species is irrelevant. Three of the 
farmers gave the wrong answer (no) to the last question, namely whether it is important 
to register possible negative surpluses on the nutrient balance sheet. 
With regard to the internal analysis four of the farmers mentioned 'shortage of 
nitrogen' as the major obstacle to the introduction of MINAS. Table 5.6 gives an 
overview of the most important obstacles perceived by the farmers. Five of the farmers 
mentioned 'the soil organic matter content' as these were generally the farmers who did 
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Goals Score Rank 
Reasonable income 24 1 
Job satisfaction 12 2 
Passing on farm to an heir 9 3 
Being self-employed 8 4 
Maximum profit 7 5 
Nature conservation 3 6 
Esteem of colleagues 0 8.5 
Living in nice environment 0 8.5 
Sufficient free time 0 8.5 
Enjoyable work 0 8.5 
* Each of the nine farmers was asked to assign a total of 7 points to 3 out of 10 goals. 
not mention "nitrogen shortage' as a problem. Analysis of their current fertilisation tactic 
showed that three farmers indicated an inappropriate obstacle; four farmers indicated a 
potential obstacle that was not applicable (they incorrectly expected yield would fall 
because of the need to reduce the fertiliser application), and only two farmers indicated 
their real obstacles. With regard to the effect of MINAS on their current fertilisation 
management, all farmers but one expected that in order to meet the MINAS standards 
they would have to reduce the amount of nitrogen applied. As five farmers already met 
the MINAS standard, their expectations were wrong. Of the four farmers who did not 
meet the MINAS standard, one farmer expected not to have to reduce his nitrogen 
fertilisation, which was wrong too. So only three farmers were right in expecting that 
Table 5.6 Major obstacles in fertilisation management with regard to MINAS in order of 
importance, as indicated by the farmers (first item 3 points; second item 2 points; third 
item 1 point). 
Item Points 
Nitrogen shortage 12 
Decreased organic matter content 11 
Soil fertility 6 
Lower yield 4 
Extra labour 4 
Level of levies 3 
Option of manure as cheap nutrient source 2 
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they would not meet the MINAS standard. 
The measured quality of the synthesis resulted in low scores. When the optimal 
fertilisation tactic resulting from the interactive simulation was compared with the 
optimal tactic indicated before the simulation session without the aid of the simulation 
model, significant differences were found. Farmers' expectations with respect to the use 
of nitrogen fertiliser did not agree with the results of the simulation. Most workshop 
attendees expected to have to reduce the amount of nitrogen applied in order to avoid 
being penalised for surpluses, yet the simulation showed that this would not be necessary. 
Seven farmers expected that they would have to reduce the amount of manure, whereas 
the simulation results agreed with only three of them. Almost all participants expected 
MENAS would decrease yields but the simulation model showed that negative effects 
could easily be avoided. In general, the nutrient surplus farmers expected per hectare was 
much higher than the surplus calculated by the simulation model. In conclusion, the 
farmers were much too pessimistic about the effects of MINAS and this was reflected in 
too stringent modifications to their fertilisation management. Comparison of the original 
fertilisation plans with those of the simulation session resulted in quality scores for the 
synthesis of 2, 1, and 0 points for one, five and three farmers, respectively. 
One might expect a positive correlation between the synthesis and both the external 
and internal analysis. A better synthesis concerning the optimal tactic might be made if a 
farmer is well informed about the threats to and opportunities for the farm and its 
strengths and weaknesses. The results of Spearman's rank correlation in Table 5.7 
showed that in our study this is not the case. The external analysis was even significantly 
negatively correlated with the synthesis and also negatively correlated (although not 
significantly) with the internal analysis. Although not significant, the internal analysis 
correlated positively with the synthesis, and the economic orientation of the objectives 
correlated positively with the internal analysis and the quality of the synthesis. 
Table 5.7 Spearman's rank correlations of the elements of strategic management. 
Elements External analysis Internal analysis Synthesis 
Economic objectives -0.08 0.45 0.21 
External analysis -0.33 -0.67* 
Internal analysis -0.33 0.23 
Synthesis -0.67* 0.23 
* Correlation is significant at the 0.05 level (2-tailed). 
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Table 5.8 AE (%) of available N fertiliser of the full group (measured in kg N/DFL at 
farm level) and of the workshop participants (measured in kg N/kg physical output at the 
crop level). 
AE Entire group 
n=57 
Workshop participants 
n=9 
Farm level 58 59 
Ware potato 37 37 
Sugar beet 30 25 
Winter wheat 50 50 
Table 5.9 shows a positive rank correlation between AE at farm level with AE for winter 
wheat. A negative rank correlation was found between AE at farm level and AE for sugar 
beet and to a lesser extent for ware potato. In general, it can be concluded that the 
correlation between AE realised for individual crops and AE measured at farm level is 
not very strong. This might be due to the difference in measurement of the efficiency. At 
crop level, AE was calculated based on the N application per unit physical output, while 
at farm level it was calculated based on N application per unit financial output. 
It is interesting to investigate the rank correlation between AE based on physical 
output and the realised gross margin. Table 5.9 shows that these rank correlations were 
positive, which means that a more agronomically efficient production practice coincided 
with a higher income. These results suggest that the weak correlation between AE of the 
individual crops and AE at farm level cannot be attributed to the difference between the 
use of physical and financial output. Instead, it suggests that a high efficiency for one 
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5.4.2 Agronomic efficiency 
The AE values of farmers with regard to available nitrogen fertiliser consisting of the 
amount of chemical N and for the crop available organic N applied are presented in Table 
5.8. The results show that AE at farm level of the participants, measured in units nitrogen 
application per unit revenue, was shghtly higher than the AE of the entire group. AE 
measured per unit physical output was similar for the two groups, except for sugar beet, 
where the AE score of the workshop participants was lower. Furthermore, the results 
show that there is considerable scope for improving the efficiency, as the average AE 
value was 58% at farm level. The scores between the individual crops differed 
considerably, from 30 to 50%. 
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Table 5.9 The rank correlation between AE at farm level (measured as kg N/DFL) and 
AE of winter wheat, ware potato and sugar beet (measured as kg N/kg physical output). 
Rank correlation between ... and AE (%) N fertiliser of 
Winter wheat Ware potato Sugar beet 
AE (%)farm level 
Available N fertiliser 0.24 -0.03 -0.18 
Gross margin (DFL/ha) 
Winter wheat 0.37** 
Ware potato 0.22 
Sugar beet 0.27 
AE (%) Nfertiliser 
Winter wheat -0.02 -0.23 
Ware potato -0.20 0.15 
Sugar beet -0.23 015 
** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
crop does not necessarily coincide with a high efficiency for other crops on the farm. The 
rank correlations between the individual crops are mostly negative (Table 5.9). Although 
these correlations were not significant, this confirms the suggestion that a high efficiency 
for one crop does not necessarily coincide with a high efficiency for the other crops on 
the farm. 
5.4.3 Relationship between management and agronomic efficiency 
The rank correlations between the elements of strategic management concept and AE are 
presented in Table 5.10. None of these correlations are significant. Although the 
estimated coefficients are not statistically significant, they are of practical significance 
(Maddala, 1992) and still provide an inlding of the character of the relationship between 
the individual management elements and realised efficiency. 
The results show that for the AE of potato and sugar beet negative correlations were 
found with the elements of the strategic management concept. The correlation between 
AE potato and external analysis, and AE sugar beet and internal analysis is particularly 
strongly negative. The correlation of AE farm and to a lesser extent AE wheat with the 
external analysis is also negative. 
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Table 5.10 The relation between AE N fertiliser of winter wheat, ware potato and sugar 
beet (measured as N/kg) and AE N fertiliser at farm level (measured as N/DFL) and the 
elements of the strategic management concept (n=9). 
AE wheat AE potato AEbeet AE farm 
Economic objectives 0.43 -0.03 -0.17 0.49 
External analysis -0.01 -0.27 -0.01 -0.60 
Internal analysis 0.26 -0.12 -0.39 0.31 
Synthesis 0.32 0.04 -0.21 0.58 
5.5 Discussion 
This study investigated the relationship between management and agronomic efficiency 
by means of the concept of strategic management, which enables management to be 
treated as a coherent complex of factors. Originally the concept of strategic management 
only applied to decisions at the strategic management level, i.e. to long-term decisions. 
However, we focused on nutrient management, which concerns decisions on the middle 
long term, and have shown that the use of the strategic management concept for analysis 
of decisions on the tactical management might be a fruitful method for analysing the 
relationship between management and efficiency. The use of the strategic management 
concept distinguishes this study from most contributions to literature, which usually 
employ linear regression analyses of a range of key factors concerning management and 
efficiency scores. However, as only nine farmers participated in the workshop, more 
research is needed to justify the use of the concept of strategic management. 
Our approach might be very worthwhile for effective management support, as it 
provides a clear indication which management tools might be needed in order to improve 
efficiency. The positive correlation between efficiency and synthesis may indicate that 
improvement of efficiency can be realised by developing management tools that provide 
insight into the effect of differing cropping practices at farm level. This result is in line 
with Baarda (1999), who concluded that farmers found it difficult to estimate the 
economic and environmental effects of changing practices, but that extra information on 
these relationships was very useful to improve these management decisions. The positive 
correlation between internal knowledge and efficiency indicates that it may be 
worthwhile to help farmers to analyse their own farm data, while the negative correlation 
between external knowledge and efficiency may indicate that a farmer will seek further 
information if there is more need to do so. 
The rank correlations between AE of the individual crops and at the farm level show 
no consistent pattern. This might be explained by the result presented in Subsection 5.4.2, 
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that a highly agronomically efficient production practice in one crop does not mean high 
efficiencies in the other crops too. The elements of the strategic management level are 
not directly related to the individual crops, as the questions were directed at the farm 
level. These two observations together imply that management elements should be 
measured not only by questions at farm level but also by questions directly related to 
specific crops. It might even be that the objectives change per crop. This might be the 
case for, for instance, cash crops (such as sugar beet and potato) and crops needed for a 
sound rotation (such as winter wheat). Differing objectives per crop might also lead to 
differing scores on the other elements, as the interest is focused in another way. 
The correlation between the economic objectives and efficiency is interesting, as is the 
correlation between the economic objectives and the other elements of strategic 
management. Insight into these relationships combined with knowledge of the main 
objectives of individual farmers might indicate for whom management support is more 
effective for improvement of efficiency. 
The measurement of the elements of strategic management is a new topic in farm 
management literature. Therefore, little experience is available about the choice of a case, 
which questions should be asked, how they should be formulated and how the synthesis 
should be measured. More research on this subject is needed to elucidate the effect of 
using differing methods to measure these elements. 
5.6 Conclusions 
In this chapter, farm management has been measured by the use of the concept of 
strategic management. This concept provided a powerful method for analysing the total 
complex of variables characterising farmers' management. For analysis of the 
relationship between management and agronomic performance we applied the concept of 
strategic management at the tactical management level. Justification for such an approach 
is supported by the finding that the results provide good insight into the way that tactical 
management could be supported. The positive correlation between the 'quality of the 
synthesis' and agronomic efficiency at farm level suggests that management support by 
means of interactive simulation might be very effective for improving efficiency. 
With regard to analysis of nutrient management, an interesting finding was that there 
was no correlation between the scores on agronomic efficiency of the individual crops. 
This implies that nitrogen efficiency should be analysed at both crop and farm level. The 
relationship between nutrient efficiency and management should be analysed at the same 
aggregation levels, as management aspects could differ from crop to crop and also 
between crop and farm level. 
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The use of a case (changing fertilisation legislation) proved to be an appropriate 
method to measure the 'external' and 'internal analysis' and the 'quality of the synthesis'. 
In addition, the use of an interactive simulation model for the measurement of the 
synthesis was very effective, and farmers worked with it with enthusiasm. 
It should be kept in mind that this study used a new approach to study the relationship 
between tactical management and agronomic performance. The measurement of the 
differing elements of strategic management and the use of the interactive simulation 
model should be elaborated further. Whether the observations are relevant will be 
revealed by an analysis with more farmers. 
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General discussion 
6.1 Recapitulation 
The transition towards a more sustainable agriculture is complicated because its 
environmental objectives are at odds with farmers' economic objectives. As was argued 
in Chapter 1, one way of overcoming this is to improve the efficiency of inputs. In 
general, economists call the efficiency that is focused on the productivity of inputs the 
'technical efficiency', in order to distinguish it from other efficiencies, such as those 
focused on costs and revenues (economic efficiency) or environmental damage 
(environmental efficiency). Agronomists are primarily concerned with the physical 
productivity of inputs and, therefore, do not distinguish different kinds of efficiencies. 
However, when they use the term 'efficiency' they have in mind a different concept than 
the technical efficiency used by economists. According to economists, all input-output 
combinations on the production function are technically efficient. Agronomists consider 
only one input-output combination efficient: the combination that shows maximum 
productivity. This specific input-output combination is termed agronomically efficient. 
Although agronomists and economists use different concepts and assumptions, in the 
context of the development of more sustainable production practices, both agree on the 
important role of improvement of the efficiency of used inputs. This shared interest 
shows the importance of further analysis of the input efficiency concept both 
conceptually and empirically. It was for this reason that the overall research goal of this 
study was to analyse how input efficiency might conceptually and empirically aid the 
transition from present-day agriculture to more sustainable agriculture. By definition, an 
improvement of the technical efficiency results in an improvement of the agronomic 
efficiency. In this analysis, agronomic efficiency is used as a synonym for technical 
efficiency. The term agronomic efficiency was chosen in order (1) to indicate that the 
study aimed at reconciling agronomists and economists and (2) to indicate that the focus 
of the study is on the ratio of physical inputs and outputs in the agricultural production 
process. The analysis was based on the following research questions: 
1. Is improvement of agronomic efficiency a valuable option for achieving a 
simultaneous improvement of economic and environmental goals? 
2. Which level of agronomic efficiency will be feasible in practice? 
3. How should the level of agronomic efficiency that would be feasible in practice be 
determined? 
4. What are the implications of the results for the development of sustainable production 
systems? 
These research questions were dealt with in the preceding chapters. Table 6.1 presents an 
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overview of methods used and results obtained described in the separate chapters. 
Chapter 2 focused theoretically on the first question by using agronomic and economic 
insights - a conceptual model was developed for the analysis of the Questions 2-4. 
Chapter 3 addressed the first and second Research Questions empirically and in this 
way validated the hypothesis derived from the theoretical analysis in Chapter 2. Data 
Envelopment Analysis (DEA) was chosen to quantify efficiency at crop level. 
Chapter 4 analysed the impact of weather uncertainty on the agronomic efficiency by 
using a model that simulated crop growth and the water and nitrate processes in the soil. 
In this way, part of the gap between the 'limited' and 'normative' agronomic efficiency 
based on theoretical agronomic and economic insights, respectively, was explained. 
Chapter 5 analysed the impact of behavioural factors on the agronomic efficiency. The 
analysis was based on DEA using bookkeeping data of farmers and a workshop with 
some of these farmers. By assessing the agronomic efficiency of the farmers with the best 
performance and the average performance, respectively, together Chapters 4 and 5 
answered Research Question 2. 
The objective of this general discussion is to synthesise the results of the separate 
chapters in order to be able to answer Research Questions 3 and 4 and draw the main 
conclusions. To do so the methods and results described in the preceding chapters will be 
discussed. Sections 6.2 and 6.3 focus on Research Questions 1 and 2, respectively by 
discussing used methods and results. Section 6.4 focuses on answering Question 3. In 
Section 6.5, the overall implications for a sustainable agriculture will be derived for 
answering Question 4. Finally, Section 6.6 presents the main conclusions. 
6.2 The role of the improvement of agronomic efficiency in the development of 
more sustainable production systems 
In response to public concern about protection of the environment, agricultural practices 
have to become more sustainable. One way to ensure that farmers produce in a more 
environmentally friendly way would be to impose environmental restrictions and 
regulations. However, it would be easier to introduce more sustainable farming practices 
if they were also economically advantageous to the farmers, as ultimately it is they who 
decide what and how to produce. 
The transition to environmentally sustainable practices can be seen as a process of 
three stages that overlap in time: efficiency improvement, substitution and re-design. The 
first stage, improvement of efficiency, is especially attractive, as less inputs are needed 
per unit of product. This means that per unit of product (1) a farmer has lower costs, 
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Table 6.1 Overview of methods used and results presented in Chapters 2-5. 
Chapter What How Result Comment 
Formulation 
hypothesis and 
conceptual model 
Test hypothesis 
Assessment À AE 
Limited - Normative 
Assessment A AE 
Best practice -
Average 
Using Agronomic and 
Economic theory 
Using DEA on a data set 
for sugar beet derived 
from practice 
Using simulation model 
and weather data 
Using DEA on 
practical data; 
Workshop 
Hypothesis: >AE => > Sustainability 
Concept: Production levels 
depending on set of restrictions 
>AE => > Sustainability 
A AE 13% decrease due to variation 
in weather 
A AE 50-70% decrease due to 
behavioural factors 
Effect prices not incorporated 
AE potential was simulated 
too 
AE = Agronomic Efficiency 
DEA = Data Envelopment Analysis 
Potential production level: is defined by climatic and crop characteristics 
Limited production level: is limited by water and nutrients 
Normative production level: is limited further by incorporation of prices, farm-economic constraints and variation in cropping 
conditions 
Best practice production level: is Hmited further by imperfect knowledge and other objectives 
Average production level: limited further by other behavioural factors and other stresses 
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which makes the option economically advantageous and (2) less inputs could be emitted 
to the environment, resulting in a better environmental quality. 
Whether improvement of the agronomic efficiency indeed results in a simultaneous 
improvement of the economic and environmental efficiency and, therefore, also in a 
greater sustainabihty, was analysed for sugar beet farmers. Using DEA the agronomic, 
economic and environmental efficiency as well as the sustainabihty indicator (based on 
the simultaneous performance on economic and environmental efficiency) was measured 
at the field level. Spearman rank correlation showed a significant positive relation 
between the agronomic efficiency and the sustainabihty indicator, from which it was 
concluded that improvement of the agronomic efficiency was indeed a valuable option 
for improvement of the agricultural sustainabihty for the case considered. 
Given this conclusion, it then becomes interesting to know to what level the 
agronomic efficiency can be improved. Agronomists and economists have different 
opinions on this topic. Because of their epistemológica! differences, they take different 
sets of constraints into account when assessing what agronomic efficiency is feasible. 
Agronomists distinguish three production levels: the 'potential', the 'hmited' and the 
'actual' (Rabbinge, 1993; Van Ittersum and Rabbinge, 1997). The 'potential' production 
level is based on the climatic and crop characteristics, assuming that these are the only 
factors defining crop growth. The limited' production level is based on extra restrictions 
concerning the availability of water and nutrients. However, it is also recognised, that in 
practice, the 'actual' production level is constrained even further by production-reducing 
factors: weeds, diseases, pests and pollutants. 
The starting point for economic analysis is often the 'average' production level. Farm 
economists distinguish not only an average performance but also a "best practice' 
production level. Differences in production levels between the best performance and 
average performances in practice are caused by differences in managerial factors, such as 
objectives and knowledge. Next, farm economists distinguish the 'normative' production 
level. This level is based on the assumption of perfect knowledge and profit 
maximisation, which are the deciding factors for optimal input levels that prevent crop 
growth being limited and reduced. Variation in the agro-eco complex is an extra 
comphcating constraint that may directly influence the production level but certainly 
influences the efficiency, as inputs could not be optimally fine-tuned to the production 
level that is ultimately achieved. 
These differing disciplinary classifications of production levels can be related to each 
other as follows: the lowest production levels, the 'actual' and 'average' production 
levels, are often assessed in the same way and are, therefore, equivalent. The potential 
production level is the maximum production level: agronomists and economists agree on 
this. Between these two levels other levels are distinguished. In fact, the level on which a 
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study should be based depends on the purpose of that study. Management factors are not 
relevant for an agronomic analysis of the relationship between crop growth and hmiting 
production factors. However, if the purpose of the study is to explore which production 
level is feasible in practice and how this level could be realised, management factors 
should be taken into account, since agricultural production is an economic activity 
performed by entrepreneurs who decide on input mixes and input levels to be used. 
Van Latesteijn (1999) has criticised the integration of the production levels 
distinguished by the agronomic and economic disciplines, as the integration results in the 
loss of the essential goal of an exploratory study: to iriforming the political decision-
making process. He contends that economic analysis is focused on the prediction of 
human behaviour to changing market conditions, which is appropriate for an informed 
political debate on the effects of differing policy options. However, in this way, 
exploratory agronomic studies are compared with predictive economic studies. This is 
not a fruitful comparison, as exploratory and predictive studies have totally different 
purposes. An exploratory study searches for options that could be implemented in 
practice, whereas predictive studies searches for the path to achieve the explored options. 
Unlike econometric models, normative economic studies should not be used for 
predictive studies, as they do not incorporate actual behaviour. Instead, normative 
economic studies have an exploratory character, as only economic optimal behaviour is 
assumed. The results of such studies are comparable with the results of agronomic 
studies described by Van Latesteijn (1999) in the sense that they are based on hard facts' 
that are obtained given the constraints of market conditions and technological 
development on which the analysis was based. 
6.3 Assessment of the agronomic efficiency for different production levels 
To ascertain the extent differences in feasible efficiencies according to agronomists and 
economists could be explained by differences in the set of assumed restrictions, the 
impact of variation in weather was analysed, assuming profit maximisation. Chapter 4 
describes the simulation of crop growth and nitrogen use for weather data of 43 years 
using an crop growth simulation model. The results showed that the agronomic 
efficiency of nitrogen use at the field level was reduced by 13% at the current 
economically optimal nitrogen input level, due to annual variation in weather conditions. 
This effect of annual variation in weather conditions on the agronomic efficiency of 
nitrogen could be divided into a direct effect on crop growth and an indirect effect caused 
by pests, diseases and harvesting and sowing problems. However the indirect effect (3%) 
was relatively small. 
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The difference in agronomic efficiency of the 'average' and "best practice' production 
level was measured with DEA. In Chapter 3, the results for the use of herbicides and 
nitrogen in sugar beet were presented. Assuming an agronomic efficiency of 100% for 
the best performances, average performance was 50%. In Chapter 5, the agronomic 
efficiency in practice was measured again. However in this measurement only one input 
in sugar beet, namely nitrogen, was taken into account. Here the measured average 
performance for sugar beet was only 30%. The difference between these two figures is 
the result of the method used. If more inputs and/or outputs are taken into account, more 
production units will be measured as fully efficient given the amount of production units, 
as no comparable production unit can be found that performs better. This implies that the 
rank order of the production units is more relevant than the absolute figures obtained 
with DEA, as the absolute figures depend on the data set and the inputs and outputs 
incorporated. 
The results of Chapters 4 and 5 were used for a quantitative analysis of the efficiency 
gap between the 'potential', limited', "best practice' and 'average level. Unlike the 
results of the DEA analysis described in Chapter 3, these results were comparable with 
each other, as they were based on the same kind of input and output: nitrogen use in 
sugar beet. Table 6.2 gives a quantitative overview of the agronomic, environmental and 
economic efficiency levels assessed. Furthermore, for each efficiency level the rank order 
from 1 (worst performance) to 5 (best performance) of the sustainabihty based on the 
environmental and economic efficiency is indicated. 
The assessments of the N-input and output level of the limited' and 'normative' yield 
were described in Chapter 4. Although the assessment of the 'potential' yield level was 
not described, crop growth was simulated with WAVE in the same way as was done for 
the assessment of the 'hmited' yield level described in Chapter 4. The difference is 
attributable to the simulated crop growth not being hmited by nitrogen or water shortage. 
For this crop growth was simulated assuming an availability of 210 kg N per ha. When 
shortage of water limited growth, the availability of water in that period was increased so 
that it was no longer limiting. The potential yield levels were simulated for 10 years 
using weather data of 1986-1995. The average production level was 18.7 ton dm/ha, 
which was 6% higher than the simulated limited' yield level for those years. 
As Table 6.2 shows the order of production levels does not conform with the conceptual 
model represented in Fig. 2.3. This is because the simulated 'potential', limited' and 
'normative' yield levels could not be compared with the 'average' and "best practice' 
yield level, as the simulation model was validated in such way that yield levels did not 
fall beyond the range normal yield levels realised in practice. Besides, the productivity 
level of t>est practice' was not assessed for the economically optimal N-input level but 
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Table 6.2 Quantitative overview of the assessed agronomic efficiency (AE), environmental efficiency (EE), economic efficiency 
(EcE) levels, the Sustainability rank order and the accompanying input and output data for sugar beet. 
Production Sugar N-input Producti- N-sur- Gross- AE EE EcE Sustainability 
level beet vity plusc Margind 
% % % rank 
tdm kg/ha tdm/ kg/ha DFL/ha Farm Farm Farm Farm Farm Farm Farm Farm 
/ha kgN X Y X Y X Y X Y 
Potential 18.7 185 0.10 68 8954 100 63 100 1.5 98 100 4/5 4/5 
Limited 17.4 185 0.09 76 8315 90 56 89 1.3 91 93 3 3 
Normative 17.1 212 0.08 105 8131 80 50 65 1.0 89 91 2 2 
Actual 15.3a 288b 0.05 192 7145 50 31 35 0.5 78 80 1 1 
Best practice 
FarmX 19.2a 224b 0.09 104 9148 90 - 65 - 100 - 4/5 -
Farm Y 16.5a 104b 0.16 1 7979 - 100 - 100 - 89 4/5 
a Assuming 24% dm (Smit and Struik, 1995). 
b Soil-N is included as was done for the other production levels assuming an identical level of 60 kg N/ha. 
c Assuming 1.5 kg N/ton sugar beet (JJCC-agv, 1992). 
d Assumed is 1.33 DFL per kg N and 118 DFL per ton beet (PAY, 1997). 
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was based on two farmers (X and Y) who used very different N-input levels and 
performed much better than their colleagues. 
However, as Table 6.2 shows, improvement of the agricultural efficiency improves the 
sustainabihty. Whether this efficiency should be improved by 'input saving' or by 
'increase of the output' depends on the balance of the individual importance of the 
environmental and economic objectives. The large gap between "best practice' and the 
average realised agronomic efficiency in particular, shows that this efficiency could be 
improved considerably, also resulting in a significant improvement of both the 
environmental and economic efficiency and thus of the sustainabihty-
Although the production levels could not be compared to each other, the relative gap 
between the theoretical efficiency levels (the 'normative', Timited' and potential' levels) 
seems to be much smaller than the gap between the 'average' and "best practice' 
efficiency. 
6.4 Analysis of methods to be used in the development of sustainable production 
systems 
Agronomists and economists use different methods to assess the efficiency level that is 
feasible in practice. Crop growth simulation models are used to assess the maximum 
yield level and, thus, the maximum productivity. However, as Table 6.2 shows, the 
simulated results do not present the maximum possibilities, as best practice shows a 
higher yield and productivities. This means that although Van Latesteijn (1999) contends 
that a crop growth simulation model is not meant to model actual situations but to give 
information on production potentials, our results suggested otherwise. The possible 
reason is that such models are difficult to validate, as there are no data that can be used to 
validate what is theoretically possible. For this reason, a pragmatic approach is often 
opted for, assuming that the yield data derived from experimental field situations used for 
the validation are almost as high as the potential production that would be achieved by 
applying state-of-the-art techniques. In our analysis, we assumed implicitly that this 
assumption accounted for the average yield levels realised in practice too, as the 
production conditions of the area concerned were very good. However, our finding that 
the differences in realised yield levels were statistically significant shows that the 
simulated yield levels underestimated what is feasible. This means that the model can 
only be used to show relative differences between the production levels distinguished 
based on differing sets of constraints. It can also be concluded that the model is very 
useful for analysing the relation between yield and yield-limiting, yield-reducing and 
yield-defining factors (see Chapter 2). 
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If a shift in the technological change is anticipated, the use of econometric models 
(based on historical data) for exploratory studies is problematic as this shift cannot be 
taken into account in such models. Normative economic models can incorporate new 
technological findings very well, so are valuable for the design of sustainable production 
systems. The most appropriate data source for assessing the efficiency level that is 
feasible in practice in the short term could be the *best practice' efficiency level, which 
has already proved itself in practice, completed with expert knowledge about new 
technological development. 
6.5 Implications for the design of sustainable production systems 
The study has demonstrated that improvement of the agronomic efficiency forms a good 
starting point that for the development of sustainable production systems as (1) it results 
in a concomitant improvement of the economic and environmental objectives and (2) a 
considerable improvement is possible even without the need for new technologies. The 
agro-economic framework is an appropriate tool for the assessment of the agronomic 
efficiency level that is feasible in practice. It yields insight into the relationship between 
the agronomic efficiency and the sets of production factors and restrictions distinguished. 
Although the analysis was performed mainly for sugar beet, the results will not be 
very different for other arable crops. Sugar beet is atypical in that sugar yield decreases at 
relatively high nitrogen applications, whereas high nitrogen applications do not adversely 
affect the yield of most other crops. However, this specific characteristic has no effect on 
the calculation of the agronomic and environmental efficiency, as the efficiency 
measurement was based on the yield of beet and not the yield of sugar. This 
characteristic has a negative effect on the economic efficiency, as farmers who apply to 
much nitrogen not only have too high input costs but also less revenue. The latter would 
not be the case for other crops. 
Differences in crop-specific input-output relations imply that the feasible efficiency 
levels should be assessed for each crop separately. However, in practice, it is not the 
economic performance of each crop separately that is decisive for a farmer, but the 
economic performance of the total cropping plan. This signifiantly complicates the 
design of sustainable production systems and clearly shows the need for further analyses 
at farm level. 
The analyses for assessing the practicable level of the agronomic efficiency should be 
carried out at both crop and farm levels iteratively, leading to a continually improving 
farming system. 
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Improvement of the efficiency was mentioned as the first stage in the transition of a 
sustainable efficiency (see Chapter 1). Table 6.2 shows that a considerable improvement 
should be possible. The table also shows that the biggest step forward is improvement of 
the actual efficiency towards the best practice level of efficiency. From this we may 
conclude that analysis in the short term should be especially aimed at narrowing this 
efficiency gap. Analysis of this gap indicated that the capability of processing 
information into an optimal cropping activity is very important for an efficient 
production practice but that for most farmers this is a too complex task to perform well. 
The implication is that management support on obtaining relevant information and 
especially on synthesising this information towards an optimal cropping tactic might be 
very effective in the transition towards a more sustainable agriculture in practice. 
Interactive simulation models are an appropriate tool for synthesising this information 
and therefore they have great potential in the process of the transition towards a more 
sustainable agriculture. These models can be used both as a management tool by the 
farmers themselves and/or as a tool for discussion between farmers and their advisors. 
For the long term, a second step in efficiency improvement will be to analyse how the 
gap between "best practice' and 'potential' efficiency level can be bridged. The gap is 
attributable to mainly the following two causes that play a role in practice: (1) uncertainty 
and variation in cropping conditions and (2) profit maximisation. Because farming is an 
economic activity, it may be possible to diminish or increase the gap by changing the 
price ratio of inputs and outputs. However this solution is beyond the control of farmers 
and researchers. Another way of narrowing the gap is to diminish uncertainty and 
variation in cropping conditions. This is exactly the aim of precision agriculture. Thus, 
technical development can narrow the gap in two ways: (1) by reducing uncertainty and 
variation in cropping conditions and (2) by substituting inputs in response to altered price 
ratios so that it is profitable to produce in a more agronomically efficient way. Although 
technological development aimed at boosting the productivity of primary production 
factors does not bridge the gap because it increases the 'potential' efficiency level, it can 
also contribute to a more sustainable agriculture. However, for each case it holds that 
technological development only contributes to a more sustainable agriculture if the new 
finding is adopted in practice and thus narrows the gap. 
Important research methods that can help to narrow this gap are: (1) crop growth 
simulation modelling searching for the theoretical maximum and analysing the effects of 
factors diminishing crop growth, (2) farm modelling incorporating socio-economic 
restrictions and (3) experiments in practice revealing aspects overlooked in the model 
research. Furthermore, participative research methods should be used in order to analyse 
the relevant questions and to increase farmer take-up of the new findings. 
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6.6 Conclusions 
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1. Increase of the agronomic efficiency reconcile the often conflicting economic and 
environmental objectives in the change towards a more sustainable agriculture. 
Therefore, it has potential to contribute to the development of a sustainable 
agriculture. 
2. In practice, there is a considerable gap between the 'average' and "best practice' 
efficiency, which means that the agronomic efficiency could be considerably 
improved. However, compared with the theoretical potential' level of efficiency, the 
efficiency realised in practice will always be further restricted because of variation in 
production conditions and the farmers' pursuit of an economically optimal balance 
between input costs and yields. 
3. The production levels and, therefore, also agronomic efficiency levels derived from 
theory on agro-ecology cannot be quantitatively related to actually measured 
production levels. 
4. Theoretical agronomic crop growth simulation models should not be used to assess the 
theoretical maximum yield and its associated efficiency but are appropriate for 
elucidating the relationship between primary production factors, crop growth 
conditions and yield. 
5. If there is a shift in technology, normative models can be useful because their results 
show what farmers might achieve by adopting the new technology. However, because 
such models assume perfect knowledge the model results differ from what will be 
achieved in practice. Therefore, in addition, farmers should obtain the relevant 
knowledge to achieve the model results. 
6. For a more sustainable agriculture, "best practice' seems to be an important source of 
knowledge that should be used as a target for other farmers. As "best practice' was 
found to be even more efficient than the theoretical production levels, it should also be 
used by researchers as an important source of knowledge when refining sustainable 
production systems that are useful in practice. 
7. In common with agronomic crop growth simulation models, normative economic 
models explore the theoretical optimal options. As normative economic models not 
only incorporate primary production restrictions and cropping conditions but also 
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extra restrictions that farmers meet in practice, they diminish the frontier assessed by 
agronomic crop growth simulation model. 
8. In order to develop production systems that are feasible in practice there must be 
analysis at both crop and farm levels. Models at the farm level are needed not only for 
use in research, but also to elicit discussion between farmers and their advisors and/or 
to be used as a management tool by the farmers, enabling them to analyse the effects 
of new production systems and to optimise these systems for their specific farm 
situation. 
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Agriculture is increasingly being confronted with public pressure to produce in a more 
sustainable way in order to decrease negative environmental effects as much as possible. 
For this demand to be met, it is important for farmers that a more sustainable production 
method is not only environmentally friendly but also provides prospects of a reasonable 
income. It is generally assumed that the environmental objective conflicts with the farm 
economics objective, and, therefore, that a rapid transition towards more sustainable 
production systems is unlikely. However, if both objectives could be met simultaneously, 
the prospects of a successful and rapid transition would be much better. This means that 
agronomic and economic knowledge should be integrated for the development of 
j sustainable production systems. In practice this is difficult, as communication is 
hampered by differences in concepts and starting points. 
In practice there are substantial differences in input use. As these differences do not result 
in significant differences in output level, this implies that there is great scope for 
improving the efficiency of the inputs used in current practices. In spite of their different 
assumptions, agronomists and economists do agree that improving the efficiency might 
be important in a more sustainable agriculture because it could allow the often conflicting 
environmental and economic objectives to be achieved simultaneously. Increasing the 
output per unit input would not only reduce environmentally harmful emissions but also 
boost income by saving costs and/or increasing output. However, agronomists and 
economists disagree about what level of efficiency improvement is feasible because they 
use different goals and assumptions and therefore incorporate different sets of restrictions 
in their analysis of productivity and efficiency. 
The first prerequisite for fruitful co-operation is for agronomists and economists to 
understand each other's research methods. To that end the most important agronomic and 
economic concepts and assumptions should be listed, so that the results can be 
interpreted unequivocally by both economists and agronomists. This insight into the use 
of different concepts and assumptions is also important for policymakers, as it would 
enable them to interpret the research results correctly. 
The overall goal of this thesis is to determine the role of improvement of agronomic 
efficiency in the transition towards more sustainable production systems. More 
specifically, the objectives are: 
1. To analyse the possible role of improvement of agronomic efficiency for the 
simultaneous achievement of economic and environmental goals. 
2 . To determine the level of agronomic efficiency feasible in practice. 
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3. To analyse which method is appropriate for determining the level of the agronomic 
efficiency feasible in practice. 
4. To indicate the implications of the results for the development of sustainable 
production systems. 
Agronomists define the agronomic efficiency as the ratio of the actual productivity 
(output per input) to the maximum productivity. In general, economists term this 
efficiency the technical efficiency, using a less strict definition. For them, not only the 
production unit with the maximum productivity is technically efficient, but also each 
production unit which, given a certain input level, achieves the maximum output. In this 
study, the term 'agronomic efficiency' is used in accordance with the definition 
economists use for technical efficiency. This underlines that the efficiency has to do with 
an agronomic production process, while providing scope for the profit maximisation 
objective of farm economics. The latter follows from the fact that maximum profit is not 
realised where the costs per unit product are minimum but where the costs of an extra 
unit of input equals the extra amount of revenue. As the production functions in 
agriculture are often characterised by decreasing returns, assuming a profitable 
production situation this means that maximum profit is realised by input levels that are 
higher than those required to attain maximum productivity. 
Chapter 2 begins by reviewing the assumptions and concepts used by agronomists and 
economists. Next, a conceptual model is developed based on the production levels and 
accompanying production restricting factors distinguished in economics and agronomy. 
The maximum production level is called the 'potential' production level and is defined 
by purely agronomic growth factors. The next production level, the 'normative' 
production level, is constrained by a mixture of economic and other agronomic factors. 
The two lowest levels "best practice' and 'average practice' are further constrained by 
taking socio-psychological factors into account. The production restricting factors of the 
conceptual model enable the differences in agronomic efficiency of actual and theoretical 
input-output combinations to be analysed in order to find out which input-output 
combinations will be feasible and optimal in practice. 
Before the effects of different sets of growth-restricting factors were assessed, it was 
tested whether improvement of the agronomic efficiency resulted in an improvement of 
the sustainabihty of the agronomic production process indeed. Chapter 3 describes how 
Data Envelopment Analysis (DEA) was used to the agronomic, economic and 
environmental efficiency of Dutch sugar beet fields in Flevoland. A sustainabihty score 
for each field was assessed on the basis of the economic and environmental scores. The 
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results did indeed show a positive correlation between agronomic efficiency and 
sustainability. The measured average agronomic efficiency was only 50%, indicating that 
there was considerable scope for improving the sustainability of arable farming. By 
analysing the differences in efficiency between years and between fields the study 
showed that differences in efficiency among farmers were persistent. This indicates that 
management is an important factor in the agronomic efficiency realised. 
The agronomic efficiency that can be expected depends on the assumed input-output 
relationship. Economists assume decreasing returns, while the input-output relation used 
by agronomists is often described as linear with a plateau. The efficiency level based on a 
linear input-output relationship combined with a plateau is in general higher than the 
efficiency level based on a input-output relationship with decreasing returns. This 
difference in assumed input-output relationships stems, among, other things, from 
whether the variation in production conditions is taken into account, or is ignored. An 
increase in variation results in an input-output relationship with decreasing returns. 
In Chapter 4, the effect of annual variation in weather conditions on the agronomic 
efficiency of nitrogen in sugar beet is analysed with the model WAVE (Water and Agro-
chemicals in the soil and Vadose Environment). This model simulates crop growth and 
water flow and nitrogen cycling in the soil. The results showed that annual variation in 
weather conditions decreased the agronomic efficiency of nitrogen by 10%. As the 
indirect weather effects on: (1) the occurrence of pests and diseases, (2) the effectiveness 
of biocides, (3) harvest problems and (4) the sowing date are not incorporated in the 
model, the actual effect of variation in weather might be larger. This was analysed with 
weather indexes derived from panel data of sugar beet growers that included these 
indirect weather effects. The decrease of efficiency due to annual variation in weather 
including indirect weather effects was found to be 13%. This relatively small increase 
suggests that at least some of the indirect effects might have an opposite effect to the 
direct weather effects. 
In practice, management largely determines the agronomic efficiency that is realised. 
However, it is difficult to measure the relationship between management and efficiency, 
as management consists of a wide array of underlying factors that should be taken into 
account. Using the concept of 'strategic management', Chapter 5 describes the analysis 
of the correlation between agronomic efficiency and the elements of the strategic 
management concept: 'objectives', 'internal analysis', 'external analysis'and 'synthesis'. 
DEA was used to assess farm-specific efficiency scores for nitrogen use of 57 sugar beet 
growers from the south-west of the Netherlands. Data from the Dutch Farm Accountancy 
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Data Network (FADN) was used for this. For a subsample consisting of nine farmers the 
management elements distinguished were measured using as a case study 'the 
introduction of a Mineral Accounting System (MINAS) in arable farming in 2001'. The 
'external' and 'internal analysis' were evaluated by questions about the MINAS rules and 
the expected consequences for the farmers nitrogen management, respectively. An 
interactive simulation model evaluating whether farmers were able to choose the optimal 
fertilisation strategy in view of MINAS assessed the 'quality of the synthesis'. A positive 
correlation was found between nitrogen efficiency and the management elements: 
'economic degree of the mission', 'internal analysis' and the quality of the synthesis'. 
Socio-psychological factors restricted the efficiency by 50-70% compared to the 
efficiency of the best performing farmers. 
In Chapter 6, a quantitative analysis of the conceptual model resulted in a different 
ranking of production levels than in the conceptual model. The simulated 'potential', 
'limited' and 'normative' production levels could not be compared with the 'average' 
and "best practice', as the simulation model had been validated in such a way that the 
results did not fall outside the range of normal yield levels realised in practice. Apart 
from the fact that the levels are difficult to compare with each other, the differences 
between the theoretical efficiency levels seems to be significantly smaller than the 
difference between 'average' and "best practice'. It is concluded that normative farm 
economic models seem to be a valuable tool for the development of sustainable 
production systems, as in addition to knowledge derived from practice they can 
incorporate new technological findings very well. 
The study shows that improvement of the agronomic efficiency forms a good starting 
point for the development of sustainable production systems as: (1) it results in a 
concomitant improvement of the economic and environmental objectives and (2) a 
considerable improvement is possible, even without the need for new technologies. The 
agro-economic framework is an appropriate tool for the assessment of the agronomic 
efficiency that is feasible in practice. This framework yields insight into the relationship 
between the agronomic efficiency and the sets of production factors and constraints 
distinguished. 
The biggest step forward is the improvement of the average efficiency towards "best 
practice' efficiency. Therefore, in the short-term analysis should aimed to bridge this gap 
between the average and "best practice' levels of efficiency. Analysis of differences in 
management that might explain differences in efficiency shows that it is very difficult for 
farmers to process the relevant information into an optimal cropping method. Therefore, 
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in the transition towards a more sustainable agriculture in practice, management support 
in obtaining relevant information and especially in synthesising this information to 
optimise cropping strategy might be very effective. 
Theoretically the 'potential' efficiency will not be realised in practice as (1) 
uncertainty and variation in cropping conditions and (2) profit maximisation depress the 
feasible efficiency level. In the long term the 'gap' with the 'potential' efficiency level 
could be narrowed by decreasing the uncertainty and variation in cropping conditions. It 
is exactly this topic that the research on 'precision agriculture' focuses on. Furthermore, 
changes in the price ratios of inputs and outputs can lead towards more efficient practice. 
The most appropriate data source for the assessment of the efficiency level that is feasible 
in practice in the short term, will probably be *best practice' that has proved itself already 
in practice, completed with expert knowledge on new technological development. 
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De landbouw wordt in toenemende mate geconfronteerd met een maatschappelijke druk 
om op een meer duurzame wijze te produceren teneinde negatieve milieu-effecten zoveel 
mogelijk te beperken. Om aan deze maatschappelijke wens tegemoet te kunnen komen is 
het voor de boeren van belang dat een meer duurzame productiewijze niet alleen 
milieuvriendehjk is maar ook uitzicht biedt op een redelijk inkomen. Algemeen wordt 
aangenomen dat de milieutechnische doelstelling conflicteert met de bedrijfs-
economische doelstelling. Hierdoor mag een snelle omschakeling richting meer 
duurzame productiewijzen niet verwacht worden. Echter, wanneer aan beide 
doelstellingen tegehjkertijd tegemoet kan worden gekomen zouden de perspectieven van 
een succesvolle en spoedige omschakeling er veel beter uitzien. Het belang van beide 
doelstellingen betekent dat voor het ontwikkelen van duurzame productiesystemen 
agronomische en economische kennis moet worden geïntegreerd. In de praktijk valt dit 
niet altijd mee doordat een goede communicatie vaak door verschil in concepten en 
uitgangspunten gefrustreerd wordt. 
In de praktijk komen aanzienlijke verschillen in het gebruik van inputs voor. Aangezien 
deze verschillen in inputgebruik niet resulteren in significante opbrengstverschillen 
betekent dit dat de efficiëntie van het input gebruik belangrijk kan worden verbeterd. 
Ondanks de verschillende uitgangspunten zijn agronomen en economen het met elkaar 
eens dat een verbetering van de efficiëntie een belangrijke bijdrage zou kunnen leveren 
aan een meer duurzame landbouw doordat op deze wijze de veelal conflicterende 
miheutechnische en economische doelstellingen tegelijkertijd zou kunnen worden 
gerealiseerd. Door het vergroten van de output per eenheid input wordt niet alleen een 
vermindering van milieubelastende emissies bereikt maar ook een beter inkomen door 
kostenbesparing en/of een hogere opbrengst. Echter over de mate waarin deze 
efficiëntieverbetering plaats zou kunnen vinden zijn economen en agronomen het veelal 
niet eens. Door verschil in doelstellingen en uitgangspunten hanteren agronomen en 
economen verschillende sets van restricties in hun productiviteits- en efficiëntie-analyses. 
Voor een vruchtbare samenwerking is wederzijds begrip van de agronomische en 
economische onderzoeksmethoden een eerste vereiste. Daartoe is het van belang dat 
allereerst de belangrijkste concepten en uitgangspunten voor zowel het agronomisch als 
het economisch onderzoek worden geïnventariseerd zodat de onderzoeksresultaten op 
éénduidige wijze door zowel economen als agronomen kunnen worden geïnterpreteerd. 
Ook voor beleidsmakers is, voor een juiste interpretatie van de onderzoeksresultaten, dit 
inzicht in het gebruik van verschillende concepten en uitgangspunten van groot belang. 
De algemene doelstelling van dit onderzoek is het vaststellen van de rol die een 
verbetering van de agronomische efficiëntie kan spelen bij de omschakeling naar meer 
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duurzame productiesystemen. Deze doelstelling is uitgewerkt in de volgende 
onderzoektaken: 
1. Het analyseren van de mogelijke rol die een verbetering van de agronomische 
efficiëntie kan spelen bij het tegelijkertijd realiseren van economische en 
milieutechnische doelstellingen. 
2. Het bepalen van het agronomisch efficiëntieniveau dat in de praktijk zou kunnen 
worden gerealiseerd. 
3. Het analyseren van welke methode geschikt is voor het bepalen van het agronomisch 
efficiëntieniveau dat gerealiseerd zou kunnen worden in de praktijk. 
4. Het aangeven van de implicaties die de gevonden resultaten hebben voor de 
ontwikkeling van duurzame productiesystemen. 
Door agronomen is agronomische efficiëntie gedefinieerd als de mate waarin de 
productiviteit (hoeveelheid output per eenheid input) van een productie-eenheid zich 
verhoudt tot de maximale productiviteit. Economen noemen deze efficiëntie veelal de 
technische efficiëntie en hanteren daarbij een minder strikte definitie. Niet alleen de 
productie-eenheid met de maximale productiviteit is technisch efficiënt maar ook die 
productie-eenheid die gegeven een bepaalde inputhoeveelheid de maximale output 
realiseert. 
In deze studie wordt de term agronomische efficiëntie gehanteerd volgens de definitie 
die economen hanteren voor de technische efficiëntie. Op deze wijze wordt benadrukt dat 
het hierbij om de efficiëntie van een agronomisch productieproces gaat, terwijl de 
definitie tegelijkertijd meer ruimte biedt voor de bedrijfseconomische doelstelling: 
winstmaximahsatie. Immers, maximale winst wordt niet gerealiseerd wanneer de kosten 
per eenheid product zo laag mogelijk zijn maar wanneer de kosten van een extra eenheid 
input niet meer worden goedgemaakt door de extra gerealiseerde opbrengst. Aangezien 
in de landbouw productiefuncties veelal worden gekarakteriseerd door afnemende 
meeropbrengsten betekent dit (uitgaande van een winstgevende productie-situatie) dat 
maximale winst bij hogere inputniveaus gerealiseerd wordt dan de maximale 
productiviteit. 
In Hoofdstuk 2 is gestart met het inventariseren van de door agronomen en economen 
gehanteerde uitgangspunten en concepten. Vervolgens is een conceptueel model 
ontwikkeld gebaseerd op de in de economie en agronomie onderscheiden 
productieniveaus en bijbehorende productiebeperkende factoren. Het hoogste 
productieniveau wordt het 'potentiële' opbrengstniveau genoemd en wordt uitsluitend 
bepaald door agronomische groeifactoren. Het volgende opbrengstniveau, het 
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'normatieve' opbrengstniveau, wordt bepaald door een mix van economische en 
agronomische factoren. De daaropvolgende opbrengstniveaus "beste praktijk' en 
'gemiddelde praktijk' worden nog verder beperkt door ook socio-psychologische 
factoren in beschouwing te nemen. Aan de hand van de onderscheiden productieniveaus 
kunnen de effecten worden geanalyseerd van de bijbehorende productiebeperkende sets 
van factoren op de efficiëntie die gerealiseerd zou kunnen worden in de praktijk. 
Alvorens de effecten van verschillende productiebeperkende sets van factoren te bepalen 
is allereerst nagegaan óf een verbetering van de agronomische efficiëntie inderdaad 
resulteert in een verbetering van de duurzaamheid van het agronomisch productieproces. 
In Hoofdstak 3 is beschreven hoe hiertoe met behulp van Data Envelopment Analysis 
(DEA) de agronomische, economische en milieutechnische efficiëntie is gemeten van 
suikerbietpercelen gelegen in Flevoland. Voor elk perceel is op basis van de 
economische en milieutechnische score een duurzaamheidscore bepaald. Uit de 
resultaten kwam naar voren dat er inderdaad een positieve correlatie bestond tussen de 
agronomische efficiëntie en de score voor duurzaamheid in de akkerbouw. De gevonden 
gemiddelde agronomische efficiëntie bedroeg 50%. Hieruit blijkt dat een aanzienlijke 
verbetering van de duurzaamheid mogelijk moet zijn. Door de verschillen tussenjaren en 
tussen percelen te analyseren, toonde de studie verder aan dat het steeds dezelfde boeren 
waren die goed dan wel slecht scoorden. Aangezien de productie-omstandigheden 
nagenoeg dezelfde waren, geeft dit aan dat management een belangrijke rol speelt bij de 
gerealiseerde agronomische efficiëntie. 
De te verwachten agronomische efficiëntie bij het economisch optimale inputniveau is 
sterk afhankehjk van de input-output relatie waar vanuit wordt gegaan. Economen gaan 
uit van afnemende meeropbrengsten terwijl de input-output relatie die door agronomen 
gehanteerd wordt vaak als lineair met een plafond kan worden beschreven. 
De efficiëntie die agronomen bepalen op basis van een tot een bepaald plafond lineaire 
input-outputrelatie, is hoger dan wanneer dat plafond geleidelijk zou worden bereikt 
zoals economen aannemen. Dit verschil in de input-output relatie waar vanuit wordt 
gegaan wordt o.a. veroorzaakt door het al of niet meenemen van variatie in productie-
omstandigheden. Door het vergroten van de variatie wordt de input-output relatie sterker 
gekarakteriseerd door afnemende meeropbrengsten. 
In Hoofdstuk 4 is het effect van de jaarlijkse variatie in weer op de agronomische 
efficiëntie van stikstof in suikerbieten geanalyseerd met het WAVE (Water and Agro-
chemicals in the soil and Vadose Environment) model. Dit model simuleert de 
gewasgroei en de water en stikstofstromen in de bodem. Uit de resultaten kwam naar 
voren dat door jaarlijkse variatie in weer de efficiëntie van stikstof met 10% 
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verminderde. Aangezien het model geen rekening houdt met de indirecte effecten van het 
weer op het voorkomen van: (1) plagen en ziekten, (2) effectiviteit van biociden, (3) 
oogstrisico's en (4) de zaaidatum is het effect van variatie in weer in werkehjkheid 
groter. Dit is nagegaan met behulp van weersindexen die verkregen werden op basis van 
panel data van suikerbieten telers. Het bleek dat wanneer deze indirecte effecten van de 
variatie in weer werden meegenomen de efficiëntie met 13% afnam. Deze relatief kleine 
toename van de inefficiëntie suggereert dat op zijn minst enkele van de indirecte effecten 
een tegengesteld effect hebben aan de directe weerseffecten. 
Management speelt in de praktijk een belangrijke rol bij de agronomische efficiëntie die 
gerealiseerd wordt. Echter, de relatie tussen management en efficiëntie is moeilijk te 
meten aangezien 'management' bestaat uit een hele reeks van onderhggende factoren die 
allemaal meegenomen zouden moeten worden, hi Hoofdstuk 5 is met behulp van het 
concept 'strategisch management' geanalyseerd in hoeverre de elementen van het 
strategisch managementconcept te weten: 'doelstellingen', 'interne analyse', 'externe 
analyse' en 'de synthese' zijn gecorreleerd met de agronomische efficiëntie. Met DEA is 
van 57 akkerbouwers uit het zuidwesten van Nederland de agronomische efficiëntie van 
het stikstof gebruik gemeten. Hiervoor zijn de boekhoudgegevens van het Bedrijven 
Informatienet van het LEI gebruikt. Voor negen van deze boeren zijn aan de hand van 
een case: 'de introductie van het Mineralen boekhoudsysteem (MINAS) in de akkerbouw 
in 2001' de managementelementen gemeten. De 'externe' en 'interne analyse' werden 
geëvalueerd aan de hand van vragen over MINAS en de te verwachten consequenties 
voor de ondernemers. Met een interactief simulatiemodel is geanalyseerd hoe de 
individuele ondernemers scoorden op het element 'synthese'. Er werd een positieve 
correlatie gevonden tussen de stikstofefficiëntie en de management elementen: 'missie', 
'interne analyse' en "kwaliteit van de synthese'. Socio-psychologische factoren 
resulteerden in een afname van de efficiëntie met 50-70% ten opzichte van de efficiëntie 
die de best presterende boeren realiseerden. 
Een kwantitatieve invulling van het conceptueel model in Hoofdstuk 6 laat zien dat de 
uiteindelijke rangschikking van de productieniveaus niet conform het conceptueel model 
is. De gesimuleerde 'potentiële', 'gelimiteerde' en 'normatieve' productieniveaus kunnen 
niet worden vergeleken met de 'gemiddelde' en Tieste praktijk' doordat het 
simulatiemodel zo was gevalideerd dat de resultaten een realistisch beeld gaven conform 
de praktijk. Afgezien van het feit dat de niveaus moeilijk te vergelijken zijn, lijken de 
verschillen tussen de theoretische efficiëntieniveaus een stuk kleiner dan die tussen de 
"beste praktijk' en de 'gemiddelde praktijk'. Voor het ontwikkelen van duurzame 
productiesystemen zijn normatieve bedrijfseconomische modellen waardevol aangezien 
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deze bij uitstek geschikt zijn voor het opnemen van nieuwe technische kennis naast de 
kennis vanuit de praktijk 
De studie geeft aan dat het verbeteren van de agronomische efficiëntie een goed 
startpunt vormt voor het ontwikkelen van meer duurzame productiesystemen omdat (1) 
het resulteert in een gelijktijdige verbetering van de economische en milieutechnische 
prestaties en (2) een belangrijke verbetering mogelijk is zonder dat nieuwe 
technologische ontwikkelingen nodig zijn. Voor het bepalen van de agronomische 
efficiëntie die in de praktijk kan worden gerealiseerd is het agro-economisch conceptueel 
model een geschikt hulpmiddel. Aan de hand van dit model kan inzicht worden 
verkregen in de relatie tussen de agronomische efficiëntie en de onderscheiden sets 
productiebeperkende factoren en overige beperkingen. 
Verbetering van het 'gemiddelde praktijk' efficiëntieniveau naar het "beste praktijk' 
efficiëntieniveau vormt de grootste stap voorwaarts. Daarom zou op de korte termijn het 
onderzoek zich allereerst hierop moeten richten. Analyse van de verschillen in 
management die de efficiëntieverschillen in de praktijk zouden kunnen verklaren geeft 
aan dat het verwerken van de relevante informatie tot een optimale productiestrategie 
voor boeren zeer complex is. Managementondersteuning op het gebied van het 
verkrijgen van informatie, maar vooral het synthetiseren hiervan zou een belangrijke 
bijdrage kunnen leveren aan een efficiënte omschakeling naar meer duurzame 
productiemethoden. Het 'potentiële' efficiëntieniveau zal in theorie niet in de praktijk 
kunnen worden gerealiseerd aangezien: (1) onzekerheid en variatie in productie-
omstandigheden en (2) winstmaximalisatie het te realiseren efficiëntieniveau negatief 
beïnvloeden. Op de lange termijn zou de afstand tot het 'potentiële' niveau verder 
kunnen worden verkleind door het verminderen van de onzekerheid en variatie in 
productie-omstandigheden. Hierop is het onderzoek met betrekking tot 'precisie 
landbouw' gericht. Voorts zou ingrijpen in de prijsverhoudingen van inputs en outputs 
kunnen bewerkstellingen dat de gerealiseerde agronomische efficiëntie toeneemt. 
Voor het bepalen van het efficiëntieniveau dat in de praktijk gerealiseerd zou kunnen 
worden, lijken op korte termijn de productiesystemen die behoren tot het "beste praktijk' 
niveau verder aangevuld met expertkennis betreffende nieuwe technologische 
ontwikkelingen de meest geschikte data bron. 
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